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Abstract

This doctoral dissertation describes the synthesis and characterisation of calcium silicate
hydrate (C-S-H) phase and other cementitious materials. C-S-H is the most important
mineral phase in ordinary Portland cement (OPC), accounting for strength and hardening. Its
characterisation has been the subject of research in the past 70 years and yet there are still gaps
in knowledge and understanding. In this work the development of a novel method process for
direct synthesis of solid calcium silicate hydrate (C-S-H) phases is proposed, by mixing calcium
hydroxide and silica. This method allows crystal structural determination of the synthetic
mineral, and permits characterisation at the atomic scale and also mechanical-hydraulic
measurements on monoliths, rather than the more traditional slurry format. The method is
easy, relatively fast and highly reproducible. In particular, structure evolution of synthetic
C-S-H is studied under varying calcium to silica ratio, curing time and silica particle size, using
either silica fume or nano-silica (particle size). While this method advantageously produces
solid C-S-H, its production at bulk-scale is also evaluated by means of a life cycle assessment
and compared to other OPC-free binder materials. Novel OPC-free cementitious binders are in
fact developed and characterised in terms of mechanical and thermal performance. Proposed
as an environmentally friendly alternative to Portland cement, these innovative cementitious
materials have a lower carbon footprint and contribute to reduce Portland cement consumption
and its COg emissions. Hydrothermal synthesis of C-S-H is carried out to investigate the
response to hot and wet conditions, typical of cement encapsulation in deep geological storage
of radioactive waste. As a result of these investigations, synthesis conditions have been proven
to be the key in "tailoring" and designing the C-S-H structure at the nano-scale. C-S-H
produced is used as a crack-sealing agent in aqueous injection. A lab-scale investigation shows
that aqueous nano-silica injected through a hardened cement matrix reacts with calcium
hydroxide naturally present in hydrated Portland cement producing additional C-S-H and
reducing the overall porosity and permeability. This study explores the potential use of solid
C-S-H to repair large scale structures which are wet or under water, such as legacy ponds in

nuclear waste storage facilities.



Contents

Abstract vi
List of Figures xii
List of Tables xiv
List of Symbols Xv
Abbreviations xvi
1 Introduction 1
1.1 Literature review . . . . . . . . . . e e e 1
1.2 Aimofthiswork . . . . . . . . . . . 6
1.3 Outline of the thesis . . . . . . . . . . . . .. ... . . . 8
1.4 Funding and Support . . . . . . . .. 11

2 Direct synthesis of solid Calcium Silicate Hydrate phase with tobermorite-
like structure 12
2.1 Introduction . . . . . . . . . . . . e 13
2.2 Materials and methods . . . . . . . . ... 15
2.2.1 Materials . . . ... 15
2.2.2 Synthesis process . . . . . . . ..o 16
2.2.3 Powder X-Ray Diffraction . . . . . . .. .. ... 0oL 16
2.2.4  Solid state NMR spectroscopy . . . . . . . .« . .o 18
2.2.5 Thermo-gravimetric analysis . . . . . . . ... ..o 19
2.2.6 Scanning electron microscopy . . . . . . .. ..o 19
2.3 Results and discussions . . . . . . . . . .. e 19
2.3.1 XRD characterisation of synthetic C-S-H . . . . ... ... ... .. .. 19
2.3.2 NMR measurements . . . . . . . . .. . ... 21
2.3.3 Thermo-gravimetric measurements . . . . . . . .. .. .. ... ... .. 27
234 SEM analysis . . . . . .. . 33
24 Conclusions . . . . . . .. L 37

3 Effect of silica particle size on the hydration of Calcium Silicate Hydrate

investigated by thermal analysis 38
3.1 Imtroduction . . . . . . . . . . e 39
3.2 Materials and methods . . . . . . . . . .. ... 41

3.2.1 Materials . . . . ... 41

vi



3.2.2 Material characterisation and thermal analysis . . . . .. .. .. .. .. 43

3.3 Results and discussions . . . . . . . . ..o 43
3.3.1 XRD characterisation and Raman spectroscopy . . . . . . . . ... ... 43
3.3.2 Isothermal calorimetry and thermal analysis . . . . .. .. .. ... ... 45

3.4 Conclusions . . . . . . . . . e e e e 55

In-situ XRD studies on hydrothermal synthesis of Calcium Silicate Hy-

drate: the influence of temperature on stoichiometry 57

4.1 Introduction . . . . . . . . . .. 58

4.2 Materials and methods . . . . . . . . . ... Lo 60
4.2.1 Materials . . . . .. 60
4.2.2  FEz-situ hydrothermal synthesis and characterisation . . . . ... .. .. 61
4.2.3 In-situ time-resolved synchrotron XRD measurement . . . . . . .. . .. 63

4.3 Results and discussions . . . . . . . . ..o 64
4.3.1 XRD characterisation and thermal analysis . . . . .. .. .. ... ... 64
4.3.2  Modelling the C/S ratio as function of temperature . . . . . . . . .. .. 69
4.3.3 Phase evolution during the synthesis process . . . .. ... ... .. .. 71

4.4 Conclusions . . . . . . . . . e 81

Low-pressure silica injection for porosity reduction in cementitious ma-

terials 82

5.1 Introduction . . . . . . . . . . . . e e 83

5.2 Materials and methods . . . . . . .. .. L L Lo 85
5.2.1 Materials . . . . . ... 85
5.2.2 Sample preparation . . . . . . ..o 86
5.2.3 Experimental design . . . . . . . .. .. oo o 86
5.2.4 Microstructural analysis . . . . . . ... .o 87

5.3 Results and discussions. . . . . . . . ... 89
5.3.1 Weight change and porosity measurements . . . . . . . . ... ... ... 89
5.3.2 Thermogravimetric analysis and XRD analysis . . . . ... ... .. .. 91
5.3.3 SEM analysis and water transport . . . . . .. ... ... ... .. 96

5.4 Conclusions . . . . . . .. L 99

Can Portland cement be replaced by low-carbon alternative materials?
A study on thermal properties and carbon emissions of innovative cementsl 00

6.1 Introduction . . . . . . . . . L 101
6.2 Materials and methods . . . . . . . . ... oo 104
6.2.1 Materials . . . . .. 104
6.2.2 Physical, thermal and mechanical properties . . . . . . .. .. .. .. .. 105
6.2.3 Powder X-Ray Diffraction and Scanning Electron Microscopy . . . . . . 109
6.2.4 Greenhouse gas emission assessment . . . . . . .. .. .. .. ..., 109
6.3 Results and discussion . . . . . . . .. L L L 112
6.3.1 Physical, thermal and mechanical properties. . . . . . . ... ... ... 112
6.3.2 Powder X-Ray Diffraction and Scanning Electron Microscopy . . . . . . 113
6.3.3 Thermal conductivity measurements . . . . . . . . ... ... ... ... 116
6.3.4 Life cycle emissions . . . . . . . ... 119
6.3.5 Environmental impact . . . . . . . ... Lo 121

vii



6.4 Conclusions . . . . . . . . 122

7 Concluding remarks and outlook 124
7.1 Summary of key findings . . . . . . . . ..o 124
7.2 Futureresearch . . . . . . . . .. 126

References 128

Publications and presentations 140

viii



List of Figures

1.1

2.1
2.2

2.3
24
2.5
2.6
2.7
2.8

2.9
2.10

3.1
3.2

3.3

3.4
3.5

3.6
3.7
3.8
3.9

3.10

Particle size range and specific surface area of micro and nano-particles compared
to aggregates in ordinary Portland Cement. . . . . . . .. ... ... ... ...

Diagram explaining the synthesis process of C-S-H phases. . . . . . . .. .. ..
XRD patterns of sample at target C/S ratio of 0.81 at different ages and samples
cured for 28 days at different target C/S ratios . . . . . ... ... .. .. ...
Semi-quantitative XRD analysis and degree of crystallinity of sample at C/S
ratio of 0.81 and samples cured for 28 days at different target C/S ratios. .
Synchrotron XRD analysis of CSH at three different C/S target ratios. . . . . .
2981 MAS NMR spectra of C-S-H samples at different target C/S molar ratios.
Silicate chain length of C-S-H samples at different target C/S molar ratios and
relative intensities. . . . . . .. . Lo L L
Thermal curves of sample at C/S ratio of 0.81 mol/mol at different ages and
samples cured for 28 days at different target C/S ratios. . . . . .. ... .. ..
Calculated C/S molar ratio values plotted as a function of the target C/S ratio
of samples aged 28 days. . . . . . . . ...
SEM image of sample CSH-0.81 at 28 days. . . . . . .. ... ... ... ....
SEM image of tobermorite from aerated autoclaved concrete material. . . . . .

X-ray diffractogram of amorphous silica fume and nano-silica. . . . . . ... ..
XRD patterns of samples obtained reacting silica fume or nano-silica with
calcium hydroxide. . . . . . . . . . ...
Semi-quantitative analysis of samples made using either silica fume or nano-silica
at calcium to silica ratio 0.81 and 2.4 mol/mol. . . . . . ... ... ... ...
Raman spectra of the samples. . . . . . . . ... ... Lo
Heat flow measured by isothermal calorimetry over a hydration time of 0-200
hours and (-A-) magnification of the range 0—1 hours. (I) the initial period,
(IT) the induction period, (III) the acceleration period. Increasing the C/S
ratio retards the second maximum in heat evolution (II) at ca. 30 h, which is
retarded further in samples made with silica fume, at ca. 50 h. . . . . . .. ..
Cumulative heat release in the first 200 hours of reaction, calculated from heat
flow curves. . . . . . L
Value of A as a function of the initial C/S molar ratio. . . . . . . . .. .. ...
Value of A as a function of the average particle size of the silica source.

Value of A as a function of the average particle size of the silica source and the
target C/Sratio. . . . . ...
TG/DSC curves of samples obtained reacting silica fume or nano-silica with
calcium hydroxide. . . . . . . . . .

ix

23
24
26



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

5.1
5.2
5.3

5.4

2.5

5.6
5.7
5.8
5.9

5.10

5.11
5.12
5.13

6.1

Pressure vessel used for ez-situ hydrothermal synthesis. . . . ... ... .. .. 62
Heating chamber used for in-situ synchrotron XRD measurements. . . . . . . . 64
XRD patterns of samples synthesised at 60 °C and samples synthesised at 110 °C. 66
XRD relative phase content obtained by semi-quantitative analyses on samples

made at 60 °C and samples made at 110°C . . . . . .. ... ... .. ..... 67
TG/DSC curves of samples at different target C/S ratios synthesised at 60 °C
and samples synthesised at 110 °C. . . . . . . . . .. .. ... 0. 68
Calculated C/S molar ratio values plotted as a function of the target C/S ratio
of samples at different synthesis temperatures. . . . . . . . .. .. ... 70
Values of coefficients 1 and € as a function of temperature calculated at 21°,
60° and 110 °C. . . . . . . . . L e 71
Temperature profile during the synthesis of samples at C/S ratio 0.81 and 1.2
mol/mol. . .. 72
3D Stack of time-resolved in-situ XRD patterns for sample with target C/S
ratio 0.81 mol/mol synthesised at 110 °C. . . . . .. ... .. ... ... .. .. 73
The contour plot of 3D XRD patterns collected during the annealing of the
sample with C/S ratio 0.81 at 110 °C and selected 1D intensity curves. . . . . . 73
3D Stack of time-resolved in-situ XRD patterns for sample with target C/S
ratio 1.2 mol/mol synthesised at 110 °C. . . . . . . . ... .. ... ... ... 74
The contour plot of 3D XRD patterns collected during the annealing of the
sample with C/S ratio 1.2 at 110 °C and selected 1D intensity curves. . . . . . 74
Time dependence of normalised peak intensity for sample with target C/S ratio
0.81 mol/mol and sample with target C/S ratio 1.2 mol/mol. . . . . .. .. .. 76
Time dependence of diffraction peak position of C-S-H d_ (110), d_ (200), and
A (020). . o o 78
Stack of XRD plots of sample at C/S 1.2 mol/mol synthesised at 110 °C. . . . 79
Experimental set-up model of the OPC disc and the injection column. . . . . . 88

Model of silica penetration depth on OPC disc-shaped specimen after injection. 89
Influence of injection time on mass increase and open porosity using a 10 wt.%

nano-silica suspension. . . . . . ... ..o oL oo 90
Influence of silica concentration on mass increase and open porosity after

injection for 14 days. . . . . . . . ... 90
Thermogravimetric curves of OPC control sample and S10-14, S15-14 and

S20-14 samples. . . . . . L 92
XRD analysis of selected samples. . . . . . . . ... 93
Differential plot of XRD patterns of selected samples. . . . . .. .. ... ... 94
Magnification of Figure 5.7. . . . . . . . ... oo 94
Effect of nano-silica solution wt.% on relative increase of C-S-H and decrease of

portlandite compared to the OPC control sample for 14 days of injection. . . . 95
Effect of silica particle-size and percentage on the portlandite relative content

after 14 days of injection. . . . . . . . ..o 95
BSE-SEM image of samples S10-14 and silica-front measurement. . . . . . . . . 98
BSE-SEM image of samples S15-14 and silica-front measurement. . . . . . . . . 98
BSE-SEM image of samples S20-14 and silica-front measurement. . . . . . . . . 99
Simplified diagram of the cement production process. . . . . . . . . ... .. .. 102



6.2

6.3
6.4
6.5
6.6
6.7

6.8
6.9

Diagram of transportation mode and average distance for raw materials in and

to UK. . o o 111
Heat flow measurement for each sample. . . . . . .. .. ... ... ... ..., 114
Heat of hydration of each mix calculated as a function of time. . . . ... ... 114
XRD patterns of each sample and major mineral phases. . . . . . ... ... .. 116

SEM images of sample CHI, sample CHI10, sample BMK and sample CHNS. . 117
Thermal conductivity of samples at 25, 60 and 105 °C and porosity values

compared to OPC. . . . . . . . . . . e 118
Typical external composite brick wall of domestic building in United Kingdom. 119
Total GHG emission and contribution of each raw material for all the mixes. . 121

xi



List of Tables

1.1

2.1

2.2
2.3

24

2.5

3.1
3.2
3.3
3.4
3.5

4.1

4.2
4.3

4.4

5.1
5.2
5.3

5.4

6.1
6.2

6.3

Approximate oxides composition of typical Portland cement clinker. . . . . .. 2

Characterisation of calcium hydroxide and nano-silica solution from the data

sheet provided by the supplier . . . . . . . . .. ... ... L. 15
Sample mixes, target C/S ratio values and curing time. . . . . ... ... ... 17
C-S-H main peak positions and d-spacing values obtained from synchrotron
XRD analysis . . . . . . ..o 21
Thermogravimetric results for each sample indicated as total weight loss, and
weight loss in each thermal step. . . . . . . .. ... ... oL 28
Summary of the target and calculated C/S molar ratios from thermo-gravimetric
analysis . . . ... 33
Characterisation of calcium hydroxide, nano-silica suspension, and silica fume. 41
Sample mixes, silica source and target C/Sratio. . . . . .. ... ... .. ... 42
Values of the modified JMAK model . . . . . . ... ... ... .. ....... 52
TG/DSC data for all samples. . . . . ... ... .. ... ... . ... 54
Initial and final C/S molar ratio of samples, calculated from thermogravimetric
analysis . . . ... L 55
Characterisation of calcium hydroxide and nano-silica suspension used for the
synthesis of C-S-H. . . . . . . . . . . 60
Sample mixes, target C/S ratio values, synthesis duration and temperature. . . 61
Values of the parameters of Avrami equation used to fit the normalised intensity
curves of portlandite and C-S-H reflections. . . . . . . .. .. .. ... ... 7
Summary of crystallographic parameters of Ca(OH)s obtained using McMaille
for indexing powder diffraction patterns. . . . . . . . ... ... 80
Characteristic of CEM II/A-L (Class 42.5 N) Portland cement. . . . . ... .. 85
Characteristics of nano-silica and silica fume. . . . . .. ... ... .. ..... 86
Experimental data and sample detail of each mix using either nano-silica or
silica fume . . . . . .. L e 87
Summary of the thermal steps from thermogravimetric measurements for each
sample, indicated as mass loss %. . . . . . . ... oL 91
Characteristic of CEM I (Class 42.5 R) Portland cement. . . . ... ... ... 105
Characteristic and chemical composition of calcium hydroxide, nano-silica, silica
fume, metakaolin and sodium hydroxide. . . . . . . . ... ... ... ... ... 106
Sample mixes and proportions of starting materials and liquid to solid ratio,
including OPC. . . . . . . . . . 106

xii



6.4 Bulk density, matrix density, open porosity, compressive strength and cumulative
heat release of all the samples. . . . . .. ... ... ... ... .........
6.5 Minimum thickness of novel cement to achieve U-value < 0.29 W m—2 K1, . .

xiii



List of Symbols

SE333F00OFNIRe >

[\)
)

RH

day

hour

time

open porosity

diffraction angle

volume

length

saturated permeability coefficient
volumetric flow or diffraction spacing
hydraulic diffusivity

Boltzmann’s constant

radius

viscosity

water saturated mass

dried mass

X-ray diffraction angle

relative humidity

dimensionless parameter in Avrami equation
diameter

thermal conductivity or wave-length
(bulk) density

matrix density

density of water

thermal transmittance

thermal resistance

mechanical resistance

capillary absorption coeflicient
coeflicient of tortuosity

gradient of the C/S ratio equation
stoichiometric correction factor
coefficient of volumetric expansion

Xiv



Abbreviations

C-S-H calcium silicate hydrate
C-A-S-H  calcium aluminum silicate hydrate
XRD X-Ray diffraction

SEM scanning electron microscopy

FE-SEM field emission scanning electron microscpy
W-SEM tungsten emission scanning electron miscroscopy

BSE-SEM Back scattering scanning electron miscroscopy

oPC ordinary Portland cement

TEOS tetraethyl orthosilicate

TGA thermogravimetric analysis

DSC differential scanning calorimetry
Cs3S alite

C,S belite

C/S calcium to silica

LCA life cycle analysis

CO- carbon dioxide

PDF pair distribution fucntion

NMR nuclear magnetic resonance

XRF X-ray fluorescence

EDX energy-dispersive X-ray spectroscopy
TEM transmission electron microscopy
TMS tetramethylsilane

CL chain length

PTFE polytetrafluoroethylene

CDW construction and demolition waste

WBCSD World Business Council for Sustainable Development

IEA International Energy Agency
UHPC ultra high performance cement
X-CT X-ray computer tomography
IC isothermal calorimetry

FTIR Fourier-transform infrared
XAFS X-ray absorption fine structure
AAC autoclaved aerated concrete

XV



Chapter 1

Introduction

1.1 Literature review

Cement is a binding agent in concrete and mortars that due to its relatively low production-cost
has become the most used building material world-wide. Interestingly, it is widely employed
in the construction industry not only as a structural element (reinforced concrete), but also as
a refinement layer for insulation and decoration purposes, in masonry design and in a range
of application such as weirs, dams, railways, oil-well installations and lately in nuclear waste
confinement. Due to the wide availability of raw materials such as limestone and clay and
the relative simplicity of the production process, cement history dates back to the Romans,
when it was first adopted in unreinforced concrete: the Roman Pantheon is an example of a
successful recipe of highly pozzolanic materials, such as volcanic ash, incorporated in what
was once called Roman concrete, or opus caementicium. The most frequently used cement,
and probably the most known, is ordinary Portland cement (OPC), for centuries adopted
in construction industry either as a main material or as a binder in masonry structures. By
combining Portland cement with fine and coarse aggregates and water it is possible to obtain
the building material called concrete.

Because cement is employed in a wide range of applications (housing, bridges, soil grouting,
geotechnical foundations, dams, highways infrastructure), it must satisfy safety requirements

and characteristics, named specifications in international standards and Eurocodes (i.e. class,



strength, etc.). Cement use in buildings can range from renders and mortars used to prevent
dampness ingress in domestic buildings to ultra high performance cement (UHPC) used as
structural elements which require sulphate and chloride resistance.

Due to its versatile usage, cement and concrete research is in continuous progress. Re-
searchers have investigated novel cement mixtures to respond to the increasing demand of
smart cementitious materials. Bentz and co-workers studied porosity evolution of concrete
pastes incorporating silica fume, which has a particle size range lower than OPC [1]. Micro and
nano-particles play an important role in cement and concrete hydration: they act as a "filler",
reducing the water penetration (or other potential contaminants) [2], improving compressive
strength and enhancing the long term durability [3, 4]. Furthermore, micro and nano-particles
used as a replacement for OPC in concrete contributes to the sustainability of construction
materials production [5], reducing the demand and consequentially the manufacturing of OPC

in place of ’green’ materials, such as fly ash, metakaolin, nanosilica and silica fume.

Ordinary Portland cement Portland cement is made from limestone and clay burnt at
calcination temperature (ca. 1500 °C). The product obtained is called clinker, grounded
to make it in powder and mixed with low amount of gypsum, to control setting time and
workability. In Table 1.1 an approximate oxide and compounds composition of Portland
cement is presented [6].

Table 1.1: Approximate oxides composition of typical Portland cement clinker. Titanium, manganese,
phosphorus and chromium oxides are usually < 0.1%.

Oxide  Content (%)

CaO 60-67
SiOs 17-25
Al,O3 3-8
FesOg3 0.5-0.6
MgO 0.1-0.4
Alkalis 0.2-1.3
SO3 1-3

The aforementioned oxides combine to form phases such as tricalcium silicate, dicalcium

silicate, tricalcium aluminate, and tetracalcium aluminoferrite, as indicated in cement chemistry



notation respectively C3S, CoS, C3A and C4AF. NasO and KoO are minor compounds,
known as alkalis. Hydration of cement is a chemical reaction in which, when water (H in
cement chemistry notation) is added to cement, it forms a hard gel, the so called calcium
silicate hydrate (C-S-H) gel, which gives strength to the paste, along with other phases such
as ettringite, calcium aluminun hydrates and alumino-ferrite hydrates. At the beginning,
hydration of C3S (also known as alite) occurs, which is responsible for the early development
of strength, whereas hydration of C2S (known as belite) is slower and responsible for secondary
strength development of cement [7]. The hydration reaction (not exact stoichiometry equations)

for alite (1.1) and belite (1.2) can be written as follows [6]:

2035 +6H = C35,H3 + 3CG(OH)2 (1.1)

2095 +4H = C3S9Hs + Ca(OH)s. (1.2)
As result of the hydration reaction a certain quantity of calcium hydroxide is produced, often
as portlandite and a nearly amorphous phase of C-S-H, having the properties of a rigid gel
[8]. C-S-H appears in semi-amorphous state, with an acicular or plate-like morphology. As a
poorly crystalline material, direct identification of C-S-H through X-ray diffraction has been
the subject of controversial opinion from many authors. In order to better understand the
microstructure and its formation, researchers have attempted to synthesise C-S-H gel, using
different environmental conditions and starting materials. C-S-H gel has been obtained both
directly from stoichiometric mixtures and thermal treatments of calcium, silica and water
[9, 10] and indirectly from the hydration of tricalcium silicate [11, 12, 13]. Microstructure of
C-S-H has been studied using X-Ray diffraction (XRD), scanning electron microscopy (SEM)
at high resolution (100 nm to 5 gm) and nuclear magnetic resonance (NMR) spectroscopy. The
hydration of calcium silicates has been studied by means of isothermal calorimetry (IC) and
differential scanning calorimetry (DSC), to calculate the rate of hydration by measuring the
heat released during chemical reaction with water [14, 15, 16]. Many more techniques have been
used to look at C-S-H. Such as transmission electron microscopy (TEM), Fourier-transform

infrared (FTIR) spectroscopy, Raman spectroscopy, X-ray computer tomography (X-CT) and



synchrotron beamlines, particularly XRD, pair distribution fucntion (PDF), X-ray absorption

fine structure (XAFS) spectroscopy etc.

Nano-particles in cement The addition of micro and nano-particles into cement paste
has represented an interesting research field in the last decade. It has been found that addition
contributes to enhance ultimate strength in concrete structures, reduce permeability and
improve durability with ageing [17, 18, 19, 20].

In the 2000s, the usage of nano-particles in cement technology attracted the attention

of researchers and industries, bringing useful developments not only in construction itself
but also in the economical assessment of building materials and their environmental impact.
Production of Portland cement has increased exponentially in the last century and consequently
the emissions of CO3 in the atmosphere associated with clinker manufacture [21]. World-wide
concrete industries are responsible for ca. 5-7% of the global greenhouse gas (GHG) emissions
[22]. Hence, totally or partially replacing OPC with nano-particles represents a successful
strategy in the development of green building materials [23, 24].
Silicon dioxide (SiO2) nano-particles, also called nano-silica, have been investigated as partial
replacement in concrete mixtures and ceramics. As shown in Figure 1.1, adapted from Sobolev
et al., (2005) [23], decreasing the particle size range results in an increase in specific surface
area: it means a higher reactivity and silica nano-particle surface acts as a nucleation site for
crystal growth and the formation of C-S-H gel.

It has been proven that the addition of fine particles such as fly ash, metakaolin, silica
fume enhances the durability of cement or concrete, improves the compressive and flexural
strength and gives increased fire resistance [25, 26]. Carbon nano-tubes have also been used
as an admixture in concrete, ceramics and solar cells, and it has been found that they play
an important role in improving durability and crack prevention in concrete and enhancing
thermal properties in ceramics [27]. Micro-systems such as clay and phyllosilicates, thermally
converted into an unstable phase by the dehydroxylation of kaolinite, commercially known
as metakaolin, constitutes an emerging OPC-free binder, known as alkali activated cement

(AAC) or geopolymers [28, 29]. Titanium dioxide TiO2 nano-particles, are used in construction
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Figure 1.1: Particle size range and specific surface area of micro and nano-particles compared to
aggregates in ordinary Portland cement. Image adapted from Sobolev et al., (2005).

technology under the name of photocatalytic (or photo-activated) cement [30]. They are
responsible for the rapid hydration of concrete and self-cleaning behaviour, enabling elimination
of bacterial films, and functioning as anti-fouling agents under solar irradiation [25].

Deterioration of concrete due to aggressive environmental conditions, and overloading leads to
the formation of nano-cracks (10-100 nm width) or micro-cracks (0.1-1000 pm width) which
represents a preferential pathway for the ingress of water and potential contaminants and
consequently rebar corrosion [31]. When detected on time, cracks can be "healed" by means of
sealing agents. Crack-sealing has been made possible by the addition of sealing compounds in
concrete mixtures such as sodium silicate spheres [32]. Self-healing bacteria have also been
proposed as a crack-healing agent, reacting with carbon dioxide (CO3) (present in atmospheric
air and in the cracks) and calcium hydroxide (portlandite), naturally present in OPC, to
precipitate calcium carbonate which fills the cracks [33, 34, 35]. Application of crack-sealing
agents in existing structures has been attempted using electro-migration techniques, reported

by Cardenas et al., (2008) [36]. However, scaling up such technology is challenging due to the



thickness of real-scale walls (thickness of domestic constructions’ walls is in the range 25-40
cm) and the voltage required to mobilise nano-particles into the cracks.

In this section a brief review of Portland cement, its hydration and research advances on
cement technology have been presented. In depth reviews of synthesis methods to make
C-S-H, specifically the silica particle size and the effect of synthesis conditions can be found
in Chapter 2, Chapter 8 and Chapter 4 respectively. Chapter 5 contains a detailed review
of crack-sealing techniques in cement and water transport. Finally an in-depth discussion of

OPC-free cementitious materials and their environmental impact is presented in Chapter 6.

1.2 Aim of this work

Research questions Only in the 20th century, thanks to modern technologies, was it
possible to fully investigate the microstructure of hydrated Portland cement, discovering that
the main phase formed is a poorly crystalline structure called calcium silicate hydrate (C-S-H).
C-S-H not only is the main hydrated phase in OPC, which makes up ca. 75 wt.%, but it is also
the main responsible for strength and hardening. Characterisation of C-S-H and its complex
structure has been subject of lively debate from the first crystallographic work by J.D. Bernal
in the 1950s to the present, driven by a strong interest in tailoring its chemo-mechanical
properties and create ’designer’ cements with self-healing capabilities or improved resilience
to fracture. Advances in understanding and accuracy of the characterisation of C-S-H have
contributed to adopting this particular 'man-made’ mineral in a large variety of applications
well beyond the construction industry: synthetic C-S-H is nowadays largely employed in
human dental repairs and reconstruction; C-S-H bodies, commonly known as calcium silicate
boards, are used as thermal insulation materials. In addition to this, C-S-H has been also
recently studied as a cation-exchange mineral for metal sequestration and immobilisation.

It is known that the degree of disorder in C-S-H varies with calcium to silica ratio, which
varies with synthesis method. The morphology of synthetic C-S-H appears to be different
from ’natural’ C-S-H formed as a result of OPC hydration: in the latter, the mineral forms

constrained between grain of sands (and aggregates, in case of concrete) assuming a typical



needle/acicular shape, whereas in synthetic synthesis often presents a foil-structure. The
first question that this thesis addresses is: how does the synthesis method of C-S-H affect
its structure and stoichiometry? The exponentially increasing amount of research on the
characterisation of C-S-H often makes it very difficult or impossible to compare data and
results obtained using different synthesis methods, different raw materials and experimental
approaches. In this work a novel, easy and relatively fast synthesis process for C-S-H is
proposed: parameters such as calcium to silica ratio, curing time, silica particle size and curing
temperature are investigated. Particularly, hydrothermal synthesis of C-S-H is described in
a dedicated in-situ experiment, using synchrotron X-ray radiation. This work studies the
C-S-H/portlandite crystal growth/dissolution and has the potential to accurately test long
term durability of novel cements for toxic and radioactive waste applications, where high
temperature governs the cement hydration and structure evolution.

Another research question is addressed in regards to the durability of the concrete structure:
could additional C-S-H be used as a crack-sealing agent? Cracking in building materials is a
very common phenomenon. In concrete and mortar paste, formation of cracks (micro and nano)
can appear either straight after casting in the mould or with ageing. It can be attributed to
many factors (aggressive environment, temperature, load, ageing and construction technique)
and can be observed either in the free surface or can be found at the concrete-steel interface.
Durability of building materials is related to the presence of cracks since they represent a fast
pathway to the transport of liquid and gasses that potentially contain water or hazardous
compounds.

Restoration and preservation of historical buildings has been investigated through the
application of silica particles used to promote crack healing. The cementitious materials used
included nano-particles such as nano-silica and silica fume. The lower particle size range and
the high reactivity due to the higher specific surface area of nano-particles offer the capability
of interacting with calcium sources naturally present in hydrated cement and forming binding
and strengthening compounds such as C-S-H phases. Studied at the nano-scale, this process
can improve mechanical and hydraulic properties of existing building materials by using

non-destructive techniques such as localized injection through micro and macro-size cracks.



The increasing demand of Portland cement for concrete production has raised serious
concerns in the global community, due to its environmental impact. Cement is responsible for
approximately 5-7% of the anthropogenic CO2 emissions, and researchers and industries leaders
have recently taken action toward a more sustainable construction industry. Researchers have
looked at supplementary cementitious materials to be used as partial replacement of OPC
or other binding compounds free from any Portland cement, called alkali-activated cement
or geopolymer. To answer to the final research question this thesis addresses: can Portland
cement be replaced by low-carbon alternative materials?, novel OPC-free cement systems are
investigated and characterised, and compared to traditional cement. Their mechanical and
thermal properties are evaluated and an engineering application for such materials is proposed.
Finally the environmental impact, based on a simplified life cycle analysis (LCA) of novel
OPC-free materials is assessed in terms of greenhouse gas emissions associated with their

production.

The fil rouge of the thesis The novelty of the proposed method for the synthesis of C-S-H
in Chapter 6 is the production of a solid form which is easy to make in bulk. The benefit
of a solid form is emphasised in Chapter 6, where mechanical and hydraulic properties of
OPC-free binders, including C-S-H monoliths, are investigated and compared to OPC, and
their production at bulk-scale is evaluated using a simplified LCA. C-S-H produced according
to the synthesis method described was used as a crack-sealing agent via aqueous injection.
Chapter 4 emphasises the simplicity of the synthesis method and its ability to form and seal
micro-cracks under water, such as legacy storage ponds in nuclear power stations, where
structural maintenance is one of the major challenges. Investigations in Chapter & and Chapter
4 explores how C-S-H and its atomic structure responds to extreme environments, such as

cement used in the deep geological storage of radioactive waste.

1.3 Outline of the thesis

Chapter 2 of this thesis presents the development of a novel process for the synthesis of C-S-H.

It describes the chemical formation of C-S-H from calcium hydroxide, nano-silica and water,



at different target calcium to silica (C/S) ratios. The work presented in this chapter has been
submitted to the international journal Construction and Building Materials (Elsevier), as
"Direct synthesis of solid Calcium Silicate Hydrate phase with tobermorite-like structure" by
Riccardo Maddalena (student), Prof. Kefei Li and Dr. Andrea Hamilton (PhD supervisor)
and is currently under review.

This study was conceived by the first and third author. I carried out the experiment
design, analysis, data collection, results interpretation and the draft of the manuscript. The
supervisor contributed to the data analysis, the synchrotron XRD patterns’ analysis and lattice
parameter calculations, the SEM images and the revision of the manuscript prior submission
to the journal. Prof. Li has contributed to the thermo-gravimetric equations description and
the revision of manuscript. Diamond Light Source Ltd personnel contributed to the X-ray
Pair Distribution Function (PDF) data collection and analysis, reported in the manuscript.

Chapter 3 reports an experimental investigation on the influence of silica particle size
on the formation of C-S-H and its physiochemical properties. Particularly, thermal analyses
provide an insight to the hydration kinetics of C-S-H and its stoichiometry. This work has
been submitted to the international journal Thermochimica Acta (Elsevier) as "Effect of silica
particle size on the hydration of Calcium Silicate Hydrate investigated by thermal analysis" by
Riccardo Maddalena (student) and Dr. Andrea Hamilton (PhD supervisor) and is currently
under review.

This study was conceived by all of the authors. I carried out the experiment design,
analysis, data collection, results interpretation and the draft of the manuscript. The supervisor
contributed to the data analysis, the mathematical models, and the revision of the manuscript
prior to submission to the journal.

Chapter 4 describes the synthesis of C-S-H under hydrothermal conditions and its character-
isation ez-situ using university laboratory facilities, and in-situ, using high-energy synchrotron
X-ray radiation to attain time-resolved XRD patterns. This work has been submitted to the
international journal Cement and Concrete Research (Elsevier) as "In-situ XRD studies on
hydrothermal synthesis of Calcium Silicate Hydrate: the influence of temperature on stoi-

chiometry" by Riccardo Maddalena (student), Dr. Stefan Michalik and Dr. Andrea Hamilton



(PhD supervisor) and it is currently under review.

This study was conceived by the first and third author. I carried out the experiment
design, analysis, data collection, results interpretation and the draft of the manuscript. Dr.
Michalik contributed to the instrument set-up and calibration, data collection and analysis,
and the revision of the drafted manuscript. The supervisor contributed to the experiment
design and set-up, data collection and analysis, coding of Matlab scripts for data analysis,
and the revision of the manuscript prior to submission to the journal.

Chapter 5 reports an experimental investigation on the usage of synthetic C-S-H as crack-
sealing agent for reduction of permeability. The work presented was previously published in
the international journal Construction and Building materials (Elsevier) as "Low-pressure silica
injection for porosity reduction in cementitious materials" by Riccardo Maddalena (student)
and Dr. Andrea Hamilton (PhD supervisor), vol. 134 (2017) pages 610-616.

This study was conceived by all of the authors. I carried out the experiment design,
analysis, data collection, results interpretation and the draft of the manuscript. The supervisor
contributed to the data analysis, the water transport calculations, and the revision of the
manuscript prior submission to the journal.

Chapter 6 reports an overview of physical and chemical properties of novel cementitious
materials, compared to OPC. The work describes cement pastes made by different pozzolanic
materials, such as metakaolin, silica fume, and nano-silica at different synthesis conditions and
stoichiometry. Mechanical and thermal performances are assessed and compared to traditional
OPC pastes. Greenhouse gas (GHG) emissions associated with the production of these novel
cements are estimated and compared to those associated with the production of OPC. The
work has been submitted to the international Journal of Cleaner Productiona (Elsevier) as
"Can Portland cement be replaced by low-carbon alternative materials? A study on thermal
properties and carbon emissions of innovative cements" by Riccardo Maddalena (student),
Dr. Jen J. Roberts and Dr. Andrea Hamilton (PhD supervisor) and has been accepted for
publication.

This study was conceived by the first and third author. I carried out the experiment

design, analysis, data collection, results interpretation and the draft of the manuscript. Dr.
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Roberts contributed to the greenhouse gas emissions calculation and environmental impact
section, and the revision of the drafted manuscript. The supervisor contributed to analysis
and results interpretation, the thermal conductivity measurement technique developed and
presented, and the revision of the manuscript prior to submission to the journal.

Chapter 7 summarises the major findings of this doctoral dissertation and outlines future

research work.
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were conducted at the UK Diamond Light Source, experiment number: EE12533-4 in beamline
112 (JEEP, Joint Engineering, Environmental, and Processing) and I15-1 (XPDF, X-ray Pair

Distribution Function). Data collected contributed to the results presented here.
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Chapter 2

Direct synthesis of solid Calcium
Silicate Hydrate phase with

tobermorite-like structure

Abstract. The main phase present in Portland cement is a semi-crystalline calcium silicate
hydrate (C-S-H) with variable, and also tailorable, stoichiometry. Its crystal structure has an
expandable b-axis which allows for cation substitution, and as such there has been research on
uptake of environmental contaminants and radionuclides into the C-S-H structure, particularly
in the applied field of nuclear wasteforms and encapsulation. A novel method for synthesising
solid form C-S-H is proposed here, by reacting an aqueous nano-silica (SiO,, average particle
size 5-20 nm) suspension with calcium hydroxide Ca(OH)y dissolved in deionised water,
which is suitable for large scale batch mixing. Samples were characterised using thermal
analysis (TGA/DSC), synchrotron XRD and PDF, NMR spectroscopy and SEM. This study
proposes a novel, fast and comparatively simple method of synthesising solid C-S-H. Results
show that crystallinity of the C-S-H varies with the C/S ratio. A simple linear relationship
between target and actual C/S ratio is shown, and it will be a useful tool for experiment-

alists and practitioners to create C-S-H with confidence in the stoichiometry of the end product.
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2.1 Introduction

Cement is the world’s most produced material with nearly 2 billion tonnes manufactured
globally per year, which creates 1.6 billion tonnes of CO2 and makes cement production a
significant contributor to greenhouse gas emissions [37]. Calcium silicate hydrate (C-S-H) gel, a
poorly crystalline phase with variable stoichiometry, makes up ca. 75 wt.% of the final hydrated
product in ordinary Portland cement (OPC) [38], therefore the bulk and micro-structural
properties of C-S-H gel have attracted significant research activity over the last few decades,
particularly its ability to adsorb contaminants and radionuclides such as Cl, Cs, Zn, Sr, Co, U
etc. [39, 40, 41].

To accurately characterise and structurally tailor C-S-H, researchers have attempted to
synthesize pure C-S-H without any accessory minerals present. This has been carried out in a
variety of ways, Cong and Kirkpatrick (1996) synthesized C-S-H from (-C2S and water or
from fumed silica, lime and water at final calcium to silicate (C/S) ratios of 0.4-1.85 mol/mol
through a long-term reaction process, lasting 2-10 months [42]. Samples were dried under
nitrogen flow and characterized using laboratory powder X-ray diffraction (XRD), 2?Si MAS
NMR spectroscopy and X-ray fluorescence (XRF). Harris et al., (2002) synthesized C-S-H by
mixing calcium oxide and colloidal silica suspension under a nitrogen atmosphere, achieving an
entire sample C/S ratio range of 0.8-3.0 mol/mol. The actual C/S ratio in the composite C-S-H
and portlandite system obtained at higher target C/S values is unknown because it was not
measured [43]. Their C-S-H was prepared as a slurry, no solid state chemical characterization
was performed but the solubility of C-S-H was tested via leaching experiments.

Garbev et al., (2008) synthesized nano-crystalline C-S-H by reacting calcium oxide with
silicon dioxide and distilled water [44]. The synthesis involved mechanical milling to prepare
slurries at different C/S ratios followed by nitrogen-drying at 60 °C. Samples were characterized
using laboratory powder XRD and synchrotron XRD. Rietveld refinement was used to obtain
unit cell dimensions which showed a correlation between C/S ratio values and the interlayer
spacing in C-S-H. Pardal et al., (2009) synthesized C-S-H by mixing calcium oxide with

amorphous precipitated silica and water, producing a slurry to be filtered [45]. Samples were
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then washed with an alcohol-water mix and dried under vacuum for 5 days. C-S-H samples
were characterised by powder XRD and energy-dispersive X-ray spectroscopy (EDX) combined
TEM analysis. No further results were presented on the C-S-H structure or the relationship
between ageing and degree of crystallinity.

Foley and co-workers synthesized C-S-H by mixing calcium oxide and micro-silica at a
1:1.5 Ca0:SiOq ratio [9, 10]. Slurries were mixed for 7 days and then dried using two different
techniques: vacuum-drying and drying at low relative humidity over a saturated lithium
chloride solution. Products were characterised using powder XRD, 2?Si MAS NMR and SEM.
Although the synthesis was carried out over 7 days the C-S-H reaction was not complete, pure
C-S-H samples were not obtained and the presence of portlandite was recorded. Trankle et
al., (2013) obtained 11 A tobermorite by microwave assisted synthesis using quartz as the Si
precursor with silicic acid and calcium hydroxide at low C/S ratios (0.36-0.83 mol/mol) [46].
TEM analysis showed the formation of nano-crystalline C-S-H. Despite the high degree of
crystallinity obtained, some unreacted material remained. Very recent research, combining
experiment with thermodynamic calculations and molecular dynamic simulation, has shown
for the first time that pure C-S-H can be produced with a C/S ratio of up to 2 mol/mol
and without portlandite present. [47]. The C/S ratio is known to play a crucial role in the
formation of C-S-H and influences not only the chemistry but also the compressive strength
[48].

In this work a novel method to produce solid C-S-H is proposed, which simply mixes calcium
hydroxide with nano-silica and deionised water, at fixed water content and room temperature
without microwave assistance or applied heat and with mixing time of a few minutes. In
addition, the C-S-H is solid state, which has a potential range of uses in construction and
environmental contaminant remediation, which a slurry may not have. The novelty of this
technique is its relative simplicity, speed, comparative low cost and formation of solid C-S-H

which can be designed and characterised both mechanically and physico-chemically.
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2.2 DMaterials and methods

2.2.1 Materials

Synthetic C-S-H phases were prepared using calcium hydroxide or calcium oxide and nano-
silica, at set target C/S molar ratios. Reagent grade powdered calcium hydroxide, Ca(OH)a,
(CAS number: 1305-62-0, molecular mass: 74.093 g mol™!) commercially available from
Sigma Aldrich was used. Calcium oxide was obtained by controlled calcination of reagent
grade calcium carbonate, CaCO3 (CAS number 471-34-1, molecular mass: 100.0869 g mol~1).
Ludox TM-50 nano-SiOy (CAS number 7631-86-9, molecular mass: 60.08 g mol~!) aqueous
suspension was also purchased from Sigma Aldrich. Nano-silica particle size range is 5-20 nm.
Decarbonated water was used for mixing, made by bubbling nitrogen through deionised water

[42]. Component material characteristics are reported in Table 2.1.

Table 2.1: Characterisation of calcium hydroxide and nano-silica solution from the data sheet provided
by the supplier

Material Calcium hydroxide Nano-silica
Physical state white fine powder suspension in HoO
Composition Ca(OH)y: > 95.0% SiOg: > 50.0%

S compounds: < 0.1% H50: > 50.0%
CaCO;;: < 3.0%

Anion traces Cl—: <0.03% Cl—: <0.06%
Cation traces Fe: < 0.05%

K: < 0.056%

Mg: < 0.05%

Na: < 0.05%

Sr: < 0.05%
pH at 25 °C 12.4 (slurry) 8.5-9.5
Particle size range (nm) - 5-20
Mass density at 25 °C (g ml™1) 2.24 1.40
Specific area (m? g=1) 20-41 (hydrated) 110-150
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2.2.2 Synthesis process

Synthetic C-S-H phases were prepared according to the target C/S molar ratios in Table 2.2 at
room temperature. Dry calcium hydroxide or calcium oxide powder was manually mixed with
nano-silica suspension for 2 min at water to total solid (w/s) ratio of 2. After mixing under a
nitrogen atmosphere to minimize carbonation, samples were cast into plastic moulds (2.5 x 2.5
x 2.5 cm), stored in a sealed nitrogen environment at controlled conditions (temperature of
20 + 1 °C, RH 98 + 2%) and cured for a maximum of 28 days. Bleeding or phase segregation
of the paste was not observed. After curing for 1, 3, 7 or 28 days, samples were placed in an
acetone bath for 24 hours to remove pore water and halt the hydration for accurate materials
characterisation [49, 50]. The solid C-S-H produced showed hygroscopic properties similar to
calcium silicate board materials (open porosity ¢ = 0.93 and capillary absorption coefficient
Ay =122kgm 25V 2) or aerated autoclaved concrete (open porosity ¢ = 0.85 and capillary
absorption coefficient A, = 0.13 kg m~2 s~/ 2) for which ca. 6 min are calculated to fully
saturate a sample of 15-107% m?3 [51]. Hence an acetone bath prolonged for 24 hours was
sufficient to saturate the sample with acetone (density = 791 kg m~3). After one day, samples
were dried under constant nitrogen flow for an additional 24 hours. Specimens were then
stored in a vacuum-sealed bag until required. The schematic process of the synthesis is shown
in Figure 2.1. Samples for TGA/DSC analysis alone were oven dried at 60 °C for 100 hours
to remove pore water prior to TGA analysis. All samples were then manually ground and

sieved, to obtain a homogeneous fine powder for TGA and XRD characterisation.

2.2.3 Powder X-Ray Diffraction

Powder XRD analyses were performed using a Bruker D8 Advance diffractometer with CuKe«
radiation over the range 5-60° 26, step size of 0.02° 260 and 0.5 s step~!. DiffracEva software
from Bruker was used for XRD pattern evaluation and phase identification. Structural analysis
was carried out at the UK synchrotron Diamond Light Source, using a 2D monochromatic
high-energy beam (79.949 keV and A = 0.15508 A) on beamline 112, Joint Engineering, Envir-

onmental and Processing (JEEP). The detector geometry was calibrated using a diffraction
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Table 2.2: Sample mixes (calcium hydroxide and nano-silica), target C/S ratio values and curing
time.

Sample Target C/S ratio Curing time
mol/mol days
CSH-0.81_1d 0.81 1
CSH-0.81_3d 0.81 3
CSH-0.81_7d 0.81 7
CSH-0.81_28d 0.81 28
CSH-1.00_28d 1.00 28
CSH-1.20_28d 1.20 28
CSH-1.50_28d 1.50 28
CSH-2.40_28d 2.40 28

{5y 1 -28days

95% relative humidity
A

—_— /
Si0+H,0 20 °C N,
coo | cssom] W
| EC-S T, £ |
1) materials mixing 2) curing grinding, sieving and
l material characterisation
N N
{5 24 hours
24 hours
A4
Acetone -
3) solvent exchange 4) nitrogen drying

Figure 2.1: Diagram explaining the synthesis process of C-S-H phases: 1) raw materials mixing; 2)
sample casting and curing under controlled environmental conditions, 3) solvent exchange in acetone
bath to replace pore-water and 4) nitrogen drying at room temperature.
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pattern of CeOg NIST SRM 674b and the program DAWN was used to process collected data
[52]. The powdered sample was placed into a borosilicate capillary tube (@ 1.13 mm, height
80 mm) and sealed. Diffraction patterns were collected on samples with the lowest and the
highest C/S target ratios of 0.81 and 2.40 respectively and compared with C-S-H synthesized
by reacting calcium oxide with nano-silica suspension to achieve a target C/S ratio of 1.07
mol/mol. Samples were mixed according to the synthesis process described above but calcium
oxide powder was used instead of calcium hydroxide. Diffraction data were collected over a
Q range of 0.5-21.0 A~! and analysed using MATLAB. High energy synchrotron XRD data,
allows accurate structural analysis of the C-S-H phase which is impossible to achieve using
laboratory XRD. Room temperature pair distribution function (PDF) data were collected
during the commissioning of the XPDF beamline (I15-1) at Diamond Light Source. Powder
samples were sealed inside borosilicate capillaries (@ 0.5 mm, height 90 mm). X-ray scattering
data were collected for C-S-H samples at C/S ratio of 0.81 and 1.0 mol/mol at an energy
of 66.6 keV in Rapid-Acquisition PDF geometry using a Perkin Elmer XRD1611CP3 area
detector [53]. CeO2 (NIST SRM 674b) XRD pattern was used a calibration standard. The
scattering data (0.5 < Q < 20 A~1) were corrected and processed into PDF data using the

program DAWN [52].

2.2.4 Solid state NMR spectroscopy

298i MAS NMR spectra were acquired on a JEOL-600 JNM-ECZ spectrometer using a
CP/MAS probe for 8 mm o.d. PSZ rotors, vg = 6.0 kHz and a relaxation delay of 30 s,
available at Tsinghua University, Beijing, China. Chemical shifts are reported in parts per
million (ppm) relative to an external sample of tetramethylsilane (TMS) using an external
sample of 5-CagSiOy4 (0;50 = -71.33 ppm) as secondary reference. The deconvolutions of the
29Si MAS NMR spectra were performed by Lorentzian function fitting using the JEOL DELTA

software.
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2.2.5 Thermo-gravimetric analysis

Thermo-gravimetric (TG) and differential scanning calorimetry (DSC) data were collected
using a NETSZCH STA 449 F1 Jupiter. Measurements were conducted on powder samples
weighing 15-25 mg, under constant nitrogen flow at a heating rate of 10 °C min~! from 25
°C to 1000 °C. Prior to measuring, samples were oven-dried at 60 °C for ca. 100 h under
nitrogen flow to remove any remaining pore water and acetone [54]. Results are plotted as
mass loss (%) and heat flow (mW mg~!) as a function of the temperature (°C). TGA/DSC

measurement results were used to calculate the actual C/S molar ratio of the samples.

2.2.6 Scanning electron microscopy

Microstructure was characterised using a scanning electron microscope (FEG-SEM, Hitachi
SU6600) with energy dispersive spectroscopy (EDS, Oxford INCA-7260) and an accelerating
voltage of 15-20 keV. SEM samples were prepared as follows: fresh C-S-H paste was cast into a
plastic mould (@ 15 mm, thickness 2 mm) and templated onto a thin layer (ca. 0.125 mm) of
muscovite mica at the bottom of the mould to produce a flat surface for analysis. After curing
for 28 days, the specimen was dried under constant nitrogen flow, followed by vacuum drying
and surface coating for SEM imaging purposes. This method has the distinct advantage of
avoiding resin impregnation and polishing or drying at elevated temperatures, which can alter
the microstructure of the sample, and the muscovite mica sheet, which is atomically flat, can

be easily removed from the C-S-H sample prior to analysis.

2.3 Results and discussions

2.3.1 XRD characterisation of synthetic C-S-H

XRD analyses on C-S-H samples at C/S target ratio of 0.81 mol/mol show increased formation
of C-S-H with ageing (Figure 2.2 top). After 1 day of curing, broad peaks at ca. 29.5° 20
and 49.5° 20 indicate the presence of C-S-H. Portlandite peaks can be observed after 1 day of

curing, whereas negligible portlandite has been recorded after 3 days (< 2%). After 7 days of
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curing pure C-S-H has formed and the XRD pattern shows well defined reflections at ca. 29.5°
and 32° 20, typical of C-S-H. Other characteristic peaks of this mineral phase can be observed
at ca. 6°, 16.8°, 49.5° and 54.5° 26, in agreement with Sugiyama et al., (2008) and Foley et
al., (2012) [55, 9]. Increasing the C/S ratio (Figure 2.2 bottom) from 0.81 to 1.00 produces
peak broadening at low 20 angles, precipitation of portlandite (C/S = 1.20 mol/mol) and
peak broadening of the strongest C-S-H reflection at 29.5° 26, shouldered with portlandite at
28.6° 20 (C/S = 1.50 and 2.40 mol/mol) [38, 44]. The patterns show similar peak positions to
tobermorite structures. One of the main differences is the position and intensity of the basal
reflection at ca. 7.8° 26, which is often shifted towards a lower angle in C-S-H compared to
11 A tobermorite [56]. As the C-S-H may be present in an amorphous form, it might not be
detected by laboratory X-ray diffractometry. Semi-quantitative analyses of XRD patterns
was obtained by integrating the peaks assigned to each mineral phase present, C-S-H and
portlandite. Results are reported in Figure 2.3 (top) and Figure 2.3 (bottom). Degree of
crystallinity was calculated using Bruker DIFFRAC.EVA software. As curing time increases,
the quantity of portlandite decreases and therefore the general degree of sample crystallinity
decreases as one would expect (Figure 2.3 top), confirmed by semi-crystalline C-S-H detected
by XRD. An inverse trend is observed when the C/S target ratio increases, which produces
an increase in portlandite and therefore a higher degree of crystallinity (Figure 2.3 bottom),
due to the presence of portlandite crystals. High energy synchrotron XRD patterns of C-S-H
at C/S target ratios of 0.81 and 2.40 mol/mol are shown in Figure 2.4 and are compared
to C-S-H obtained by mixing calcium oxide and nano-silica at a C/S target ratio of 1.07
mol/mol following the synthesis process previously described. Samples with a target C/S ratio
of 0.81 mol/mol show a better fit to 14 A tobermorite (ICSD collection code 152489 [57]) and
lower crystallinity compared to the sample with C/S of 1.07. In both cases, no portlandite
is present, so the degree of crystallinity is relative to pure C-S-H only. The pattern from a
sample of C/S ratio of 1.07 mol/mol shows broad peaks associated with nano-crystallinity and
turbostratic stacking disorder [56]. The structure includes elements of both 11 A tobermorite
(ICSD collection code 92942 [58]) and 14 A tobermorite (ICSD collection code 152489 [57]).

In the synchrotron XRD pattern of the sample with a target C/S ratio of 2.4 mol/mol, a clear
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shift of the main peak (at around 29° 20) is observed. It is attributed to shrinkage in the
crystallographic b-direction (ca. 1.0%) from omission of bridging tetrahedra. In accordance
with Garbev et al., (2008) and Soyer-Uzun et al., (2012) this shift is correlated with the C/S
ratio [44, 59]. Increasing the C/S molar ratio decreases the d-spacing of the C-S-H structure.
In the sample pattern with the highest C/S molar ratio, crystalline portlandite reflections are
also observed (ICSD collection code 15471). In Table 2.3 the main peak positions for C-S-H
phases and the associated d-spacing values are reported. X-Ray structure factors are related
to the total pair distribution function, N(7). As described in the work of Soyer-Uzun et al.,
(2012) "the integral of N(r)dr has a direct physical interpretation as the number of atoms that
are present within a range (v, v+ dr) from any given atom" [59]. Peaks located at 1.66 A and
2.44 A correspond to Si-O and Ca-O correlations, respectively. In samples C-S-H at C /S ratio
of 0.81 and 1.0 mol/mol, it was found that an increase of C/S ratio of ca. 20% (from 0.81
to 1.0 mol/mol) does not influence the average Si-O and Ca-O distance but a decrease in
intensity is observed. The integrated intensity can be related to the abundance of Si and Ca
atoms in the C-S-H structure. Based on structural modelling, the decrease of PDF intensity
is related to Si occupancy in the atomistic structure of C-S-H. In particular a decrease in

intensity results from an increase in Si vacancies and omission of Si bridging tetrahedra [59, 60].

Table 2.3: C-S-H main peak positions and d-spacing values obtained from synchrotron XRD analysis

Sample Target C/S ratio Main peak position d-spacing

mol/mol 20 A
CSH-0.81 0.81 28.98 3.079
CSH-1.07 1.07 29.11 3.065
CSH-2.40 2.40 29.30 3.046

2.3.2 NMR measurements

Results of 2?Si MAS NMR measurements of the samples at different C/S ratio are displayed
in Figure 2.5. In samples with low C/S ratio (0.81, 1.0 mol/mol) three different peaks are

resolved, corresponding to end groups of SiOi_ tetrahedra (Q! sites, d;50 = -79.5 ppm),
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Figure 2.2: XRD patterns of sample at target C/S ratio of 0.81 at different ages (top) and samples

cured for 28 days at different target C/S ratios (bottom). [P: portlandite reflection; CSH: calcium
silicate hydrate reflection].
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Figure 2.4: Synchrotron XRD analysis of CSH at three different C/S target ratios (0.81, 1.07 and
2.40 mol/mol) with reference diffraction peaks positions of portlandite, 11 A tobermorite and 14 A
tobermorite.

bridging and paired SiO?[ tetrahedra (respectively Qg sites and Q?) sites , d;50 = -82.8 ppm
and 85, = -85.2 ppm) [42, 61]. Increasing C/S ratio results in more Q' sites and fewer Q3
sites, meaning that the silicate chains become shorter and the molecular structure of C-S-H is
mainly composed of silicate dimers. The synthesised C-S-H shows a defect tobermorite-like
structure in which, at higher C/S ratio, silicon is absent from bridging sites, in accordance with
previous studies [62, 60, 48]. Removal of Si bridging tetrahedra leads to a maximum C/S ratio
of 1.25 mol/mol [44, 54], hence at C/S ratio >1.25 precipitation of portlandite is observed,
but minimal differences in the NMR spectra are detected. Furthermore, chain length values
are in agreement with the view that C-S-H in samples at C/S < 1.4 has a structure similar to
14 A tobermorite, while mixes with C/S ratio > 1.4 mol/mol have a Ca-rich phase intermixed
with C-S-H [63]. At higher C/S ratio in fact, portlandite was observed in XRD patterns.
NMR chemical shifts change to less negative values as a result of more Ca*™ incorporation in

the interlayer [64]. Deconvolution of the NMR spectra allowed us to calculate the degree of
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polymerisation by calculating silica chain length (CL) using equation 2.1:

21(Q") + I(Q7) + 1(Q3)]
QY

CL = (2.1)

where CL is the mean chain length of SiOf‘l_ tetrahedra and I is the relative intensity of
the Q1, Q% and QZQ) resonances of the C-S-H. In Figure 2.6 the chain length CL is shown as a
function of the C/S target ratio and values are in agreement with other reported results [62, 64].
Increasing the C/S ratio results in shorter silicate chain length, inducing a de-polymerisation
of the structure, therefore C-S-H is mainly composed of dimeric silicates [44]. Moreover, the
change in relative intensity I(Q?) from C/S 0.81 to C/S 1.0 mol/mol is in agreement with
the X-Ray PDFs results, where a decrease in PDFs intensity indicates more Si vacancies [60].
Furthermore, the exponential decrease in mean chain length, which levels out at values of ca.
2-3 at a C/S ratio beyond 1.5 mol/mol, is in agreement with the findings in Richardson (2014)
[63].
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Figure 2.5: 29Si MAS NMR spectra (vgr=6.0 kHz, 30 s relaxation delay) of C-S-H samples at different
target C/S molar ratios ranging from 0.81 to 2.4 mol/mol. The spectra are obtained for samples
hydrated for 28 days.
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Figure 2.6: Silicate chain length (CL) of C-S-H samples at different target C/S molar ratios and
relative intensities of Q', QZ and Qi sites. [Bars represent the intensity values, open circles represent
the chain length value].

2.3.3 Thermo-gravimetric measurements

Results of TG measurements are given in Table 2.4. Weight loss is divided into five ranges:
25-60 °C, is the temperature range in which there is stabilisation of the nitrogen flow, 80—200
°C is the range in which evaporation of pore water and dehydration of C-S-H phase occurs,
400460 °C, is the temperature range associated with the dehydration of portlandite and
bound water loss, 560—-660 °C, is attributed to the loss of CO4 from calcium carbonate and
770-1000 °C, is attributed to the dehydration of silanol (Si-O-H) groups or transition to
wollastonite for sample with target C/S ratio of 0.81 [54, 65, 66]. The temperature range
chosen for calcium carbonate decomposition is lower than ranges used in other works [9, 49, 67
because we assumed carbonation has occurred at surface level in the form of amorphous calcite,
which is confirmed by the absence of crystalline poly-morphs of CaCOj3 in the XRD patterns.
TGA/DSC curves for the synthetic C-S-H aged 1, 3, 7 and 28 days are shown in Figure 2.7
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(top) and TGA/DSC curves for the synthetic C-S-H with C/S target ratio of 0.81, 1.0, 1.2, 1.5
and 2.4 are presented in Figure 2.7 (bottom). Increasing the C/S ratio increases the total mass
loss, in accordance with Garbev et al., (2008) [54]. DSC curves show two major endothermic
peaks (respectively at 150200 °C and 400-500 °C) and one exothermic peak at 800-850 °C.
The first broad endothermic peak is associated with the dehydration of C-S-H gel [68, 54].
The area of this peak increases with ageing and decreases with increasing C/S target ratio. At
the higher C/S ratios the C-S-H content is much less, as confirmed by XRD semi-quantitative
analysis. The second endothermic event is associated with the decomposition of portlandite
[69]. The exothermic peak at ca. 820 °C is due to the loss of chemically bound water and
OH groups and transition to wollastonite for sample at target C/S of 0.81 [70, 39, 66]. By
increasing the C/S ratio of the sample, a clear shift of this peak toward higher temperatures
is observed, and it becomes a broad hump at C/S target ratio of 2.40 mol/mol, where the
most amount of water is chemically bound to calcium to form portlandite. This effect is
compensated by the endothermic peaks at 400-500 °C, becoming sharper and well defined at

higher C/S ratios.

Table 2.4: Thermogravimetric results for each sample indicated as total weight loss, and weight loss
in each thermal step.

weight loss

Sample weight total 25-60 °C 400-460 °C  530-650 °C  770-1000 °C
mg mg % mg % mg % mg % mg %

CSH-0.81_1d  14.9 279 1873 021 138 036 239 021 143 0.075 0.50
CSH-0.81_3d 154 261 1698 0.29 187 0.15 1.00 0.14 090 0.032 0.21
CSH-0.81_7d  24.2 492 1993 0.61 250 0.27 112 023 092 0.064 0.26
CSH-0.81_28d 144 237 16.75 0.16 1.11 0.07 0.001 0.10 0.71 0.038 0.26
CSH-1.00_28d 15.8 273 1728 0.16 1.00 0.03 0.16 0.18 1.14 0.043 0.27
CSH-1.20_28d 21.9 3.92 1788 0.24 108 0.14 063 031 141 0.055 0.25
CSH-1.50_28d 14.2 2.67 1880 024 172 002 116 019 131 0.048 0.34
CSH-2.40_28d 224 435 1943 0.13 059 096 430 026 116 0.14 0.62

By increasing the target C/S ratio of the paste, formation of portlandite is observed.
The actual C/S ratio of the C-S-H produced for each sample was calculated following the
methodology developed by Garbev et al., (2008) [54]. From Table 2.4 the corrected weight

loss (CWL) in mg is calculated as the difference between the bulk weight loss (BWL) (in mg),
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and the amount of CO, (in mg) in the temperature range 530-650°C using equation 2.2:

CWL =BWL —CO, (2.2)
Using equation 5.2, the weight loss in the temperature range of 400-460°C, WLj409_460] is
calculated as a percentage of the BWL. This value represents also the Ca(OH )2 content (wt.%)
in the original sample. Thus the portlandite content (in mg) is calculated with the tangent

method, and indicated as a percentage of the sample weight (SW) using equation 2.3.

~ W Ls00-460]
SW
Ca(OH)2(mg) = To0 WV Liaoo-160) (wt.%) (2.4)

From the stoichiometric ratios of the reaction CaO+Hy0—Ca(OH)y the moles (n) of

CaO are calculated using equation 2.5 and the mass (in mg) of CaO using equation 2.6:

MCa(OH)2

nCa0 = NCa(OH) = 31 om (2.5)
a 2

CaO\400-460](Mg) = ncao - Mcao (2.6)

where moq0m), and Mcqom), are respectively the mass (in mg) and the molar mass of
calcium hydroxide (74.093 g molfl) and Mcqo is the molar mass of calcium oxide (56.0774
g mol~!). Using equation 2.6 it is possible to calculate moles of CO, from the mass loss
value, WL530_650], (in mg) given in table 2.4 for the temperature range 530-650°C. From the

stoichiometric ratios of the reaction in equation 2.7:

CaO + COy — CaCOs3 (2.7)
the mass of CaCOs3 (in mg) and the corresponding percentage in the total sample were
calculated, respectively using Equations 2.9 and 2.10. Combining equations 2.8 and 2.5, it
is then possible to calculate the amount of CaOj539_gs50], in mg, in the temperature range of

calcite decomposition.

W Li530—650]

M(CO2) = NCaCO3 = nca0[530,350] (28)

NCcos) =
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MCaCOs = NCaCOs - Mcaco, (2.9)

CaCOs(wt.%) = % -100 (2.10)

where mcqc0, is the mass of calcium carbonate (in mg), Mcqco, and Mco, are respectively
the molar masses of calcium carbonate (100.0869 g mol~!) and carbon dioxide (44.01 g mol™!).
The total [CaO+Si03] mass (mg) with a target C/S molar ratio is calculated using Equation
2.11:

[CaO + Si03) = SW — CWL (2.11)
The target C/S molar ratio is defined as:

C’aO/MCaO

C/|S=——"—
/ SZOQ/]WSZ'O2

(2.12)

where Mg;0, is the molar mass of silicon dioxide (60.08 g mol~!) and CaO and SiOs are
respectively the total mass content (in mg) of calcium oxide and silicon dioxide in the starting
mixing. We solved the following system of linear equations, where variables CaO* and SiOs,
are the total masses (in mg) of calcium oxide and silicon dioxide respectively:

CaO* + Si0y = SW — CWL

_ CaO*  Msio,
C/S = Mcoo — SiO2

In order to calculate the C/S molar ratio (equation 2.14) as the difference between the
total calcium oxide CaO* in the system and the relative calcium oxide content (in mg) in
portlandite and calcite temperature ranges, the actual mass content (in mg) of calcium oxide

CaO reacting with 5S¢0y to form C-S-H was obtained using equation 2.13.

Ca0O = CCLO* — CCLO[400_460] — Ca0[530_650] (213)

~7a CaO/MCaO

S=—"—""- 2.14
/ S’LOQ/MSiOz ( )
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Figure 2.7: Thermal curves of sample at C/S ratio of 0.81 mol/mol at different ages (top) and samples
cured for 28 days at different target C/S ratios (bottom). [TG curves: solid lines. DSC curves: dashed
lines].
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The calculated (measured) C/S ratio for each sample is shown in Table 2.5 along with the
target C/S ratio. Samples with a C/S target ratio of 0.81 aged 1 day show a well-defined step
over the portlandite range and have an actual C/S ratio of 0.55. This value increases with
curing time to a final value of 0.79. Increasing the target C/S ratio results in precipitation
of portlandite and corresponding mass loss in the TGA curves, as shown in Figure 2.7. The
mixture ratios in the target range 0.81-1.00 are ideal to form pure C-S-H without precipitation
of portlandite after only three days of ageing. Their final measured C/S ratio lies in the
range 0.79-0.95. The target and measured C/S molar ratios at 28 days are given in Table
2.5. Calculated C/S ratio for samples with target C/S ratio greater than 1.2 mol/mol are not
pure C-S-H but rather a complex system of C-S-H + portlandite, as shown in the previous
X-ray diffractograms and confirmed by NMR measurements. However, discrepancies between
semiquantitative XRD and TGA results, in addition to the difference between calculated
C/S compared to the one of the starting mixing, suggest that the reaction is not complete
and some of the silica may not have reacted with the calcium present. Pure C-S-H at high
C/S ratios can be achieved using a dedicated reactor and precise stoichiometry coupled with
thermodynamic calculations [47]. Target C/S ratio values compared to measured C/S ratio
are plotted in Figure 2.8. A linear relationship between target C/S ratio and measured Ci/S

molar ratio is observed. The best fit regression line for the data is given by (equation 2.15):

C/S =0.5967-C//S + 0.3589 (2.15)

C-S-H with high C/S ratio (> 1.3 mol/mol) is most commonly found in hydrated Portland
cement rather than synthetic C-S-H, until very recent research [47] has produced pure, single
phase C-S-H with C/S ratio of up to 2 mol/mol. Here, high initial C/S ratio (2.4 mol/-
mol) leads to formation of C-S-H (at C/S ratio of 1.88 mol/mol) intermixed with crystalline
portlandite, as shown by semi-quantitative XRD analysis (Figure 2.3). The elevated final C/S
ratio coupled with the increased crystallinity of portlandite supports the capacity of C-S-H to
adsorb ions and co-exist with portlandite [63, 60].

Other models based on linear regression are obtained by complementing experimental data

with Bogue calculation values or TEM-EDX measurements [71, 72, 63, 73]. However, the
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model presented here shows an excellent correlation between measured C/S ratio and target
C/S ratio (R? = 0.9908). This feature will be very useful in predicting the actual C/S ratio

from a starting mixture of raw materials.

Table 2.5: Summary of the target and calculated C/S molar ratios from thermo-gravimetric analysis

Sample Target C/S ratio Calculated C/S ratio
mol/mol mol/mol
CSH-0.81_28d 0.81 0.79
CSH-1.00_28d 1.00 0.95
CSH-1.07_28d 1.07 1.02
CSH-1.20_28d 1.20 1.09
CSH-1.50_28d 1.50 1.28
CSH-2.40_28d 2.40 1.77
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Figure 2.8: Calculated C/S molar ratio values plotted as a function of the target C/S ratio of samples
aged 28 days.

2.3.4 SEM analysis

The pore structure of synthetic C-S-H is different from C-S-H phases found in hydrated
Portland cement. Scanning electron microscopy images show a very porous structure, which
reflects the low density of the synthesised material (Figure 2.9 top). EDX analysis confirmed

the presence of C-S-H phases. Plate-like C-S-H structures were observed in all the samples

33



after 28 days of curing (Figure 2.9 bottom), similar to those described in Grangeon et al., (2013)
[56]. As confirmed by XRD analysis, the high reactivity of nano-silica in a calcium environment
produces a more ordered structure similar to tobermorite. An example of tobermorite with a
plate-like structure is given in Figure 2.10 (top) and Figure 2.10 (bottom) (images extracted
from Toannou et al., (2008) [74], which show the structure of 11 A tobermorite, the main phase
present (> 97%) in commercial autoclaved aerated concrete (AAC). C-S-H produced with
this method present a foil-structure morphology similar to tobermorite found in autoclaved
concrete, rather than needle/acicular morphology, normally found in hydrated Portland cement.
The method presented in this chapter can achieve a similar micro-structure but does not
require autoclaving and is suitable for large scale batch mixing. C-S-H formed during hydration
of OPC at room temperature presents a needle/acicular morphology, whereas synthetic C-S-H

usually forms in plate/foil structures [75].
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Figure 2.9: SEM image of sample CSH-0.81 at 28 days (top) and magnification of SEM image of
sample CSH-0.81 at 28 days (bottom). C-S-H phase with plate-like structure.
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Figure 2.10: SEM image of tobermorite from aerated autoclaved concrete material (top) and
magnification (bottom). Images from Ioannou et al., (2008).
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2.4 Conclusions

A novel method for synthesising pure and solid C-S-H phases have been presented. C-S-H was
prepared by mixing a dry source of calcium and aqueous nano-silica suspension with deionised
and decarbonated water, manually and without further chemical processing, providing a
simple, fast and inexpensive method for producing pure and solid C-S-H. Experiments were
performed over a range of nominal C/S ratios of 0.81-2.40 mol/mol and at curing stages
of 1, 3, 7 and 28 days. A combined nitrogen-solvent exchange drying method was used to
dry the samples, preserving the pore structure and preventing surface carbonation. XRD
characterisation showed that pure C-S-H phase formed after only 3 days, which was confirmed
by TG analysis. The lower limit of measured C/S ratio was 0.68 mol/mol after 3 days of curing,
starting from a C/S target ratio of 0.81 mol/mol and rising to 0.76 during 28 days curing.
SEM images show the formation of C-S-H with an ordered plate-like structure similar to
tobermorite, as confirmed by synchrotron XRD analysis. A linear relationship between target
C/S ratio and measured C/S ratio has been discovered, a useful tool to quickly calculate the
actual C-S-H ratio from the target without further analytical results for the synthesis methods
proposed. This processing technique is a successful approach to synthesising solid C-S-H
at room temperature, from easily obtained calcium sources (calcium hydroxide and calcium
oxide) and nano-silica aqueous suspension. The synthesis process has the significant advantage
of being fast (7 days curing + 1 day drying), easy to develop without further equipment or
complex procedures, and short manufacturing time. Importantly, it could also be upscaled
to industrial batch mixing and the product would have various applications, including the

construction industry and waste-water purification technologies.
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Chapter 3

Effect of silica particle size on the
hydration of Calcium Silicate
Hydrate investigated by thermal

analysis

Abstract. Calcium silicate hydrate (C-S-H) phases are central to strength development in
cement and concrete, which is the world’s most produced material. In this work C-S-H is
made by mixing calcium hydroxide, silica and water at different calcium to silica (C/S) ratios.
Two different sources of silica, silica fume and nano-silica, are used. We therefore investigate
the effect of silica particle size range on the microstructure of C-S-H by means of isothermal
calorimetry and thermal analysis. Results show that C-S-H prepared using silica with the
lower particle size range (5-20 nm) results in heat of hydration which is nearly 3 times higher.
Phase analysis and thermogravimetric measurements revealed that pure C-S-H can be formed
with nano-sized silica. TG/DSC data are used to calculate the C/S final ratio and provide a

mathematical description of the kinetics of hydration.
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3.1 Introduction

Increasing awareness surrounding climate change and greenhouse gas emissions has brought
researchers to develop alternative materials aimed at controlling the environmental impact of
manufacturing industries. Ordinary Portland cement (OPC) is responsible for ca. 5-7% of the
total anthropogenic COy emissions [22]. In recent years OPC has been partially replaced by
the addition of waste by-products such as fly ash and amorphous silica [76, 77, 78, 79, 16]. Fly
ash is very well established in the cement industry as an environmentally friendly replacement
of OPC up to 35 wt.%, without compromising mechanical and physical properties of concrete
[80]. Amorphous silica, such as silica fume and nano-silica, has also been investigated in recent
years. Silica fume is a by-product of the silicon and ferro-silicon industry, with a nominal
particle size range of 100-1000 nm, while commercial nano-silica is ad-hoc synthesised from
sodium silicate using a sol-gel technique. However, recent investigations have explored the
production of ’green’ nano-silica from waste dunite with a comparatively lower environmental
footprint [81].

Silica fume has been proven to enhance the mechanical strength of Portland cement, reduce
permeability and thermal conductivity [82, 83, 79], and increase pozzolanic reactivity [84]. On
the other hand, nano-silica is more effective in enhancing strength because of the additional
calcium silicate hydrate (C-S-H) produced [78]. Its higher reactivity is due to the lower particle
size range: its high specific surface area acts as a nucleation site for the growth of C-S-H
phases [85, 86].

Thermal analytical techniques are extremely useful not only in understanding the hydration
kinetics of OPC, but also in modelling the results to tailor cement paste for specific applications.
Kumar et al., (2012) studied the effect of fly ash on the hydration of OPC by isothermal
calorimetry and found that the addition of 20 wt.% of fly ash and 5 wt.% of Ca(OH)s
accelerates significantly the hydration process [87]. Accelerating the hydration of mineral
phases in OPC (i.e. alite, C3S and belite, CsS), influences the setting time and strength
development of concrete, beneficial in some applications where those parameters have to be

maximised.
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Wei et al., (2012) studied TG/DSC curves of hydrated cement modified by silica fume and
found that silica fume accelerates the early hydration of OPC and could stabilize the content
of ettringite and therefore inhibit damage to the set OPC from delayed ettringite formation
(DEF) [84]. However, when silica-fume is combined with fly ash, the overall effect is a delayed
hydration [88]. Oltulu and Sahin (2014) studied the pore-structure development of cement
mortars containing silica fume and other nano-powders. The addition of nano-silica resulted in
an increased amount of C-S-H and other hydrated products [89]. Thermogravimetric analysis
and calorimetry data have been used to determine the pozzolanic reaction of fly-ash-cement
pastes and validated results were useful in establishing a model for the hydration of cement
[90, 91].

Although it is possible to find many experimental studies on the beneficial effects of amorphous
silica added to OPC, very little research has been conducted on the effect of silica particle size
on the formation of C-S-H phase, which is responsible for early strength and hardening [8].
This is partly due to the difficulty of accurately quantifying C-S-H content when it is found
among other hydrated products [8]. Nonetheless, the C-S-H formed in OPC by hydration of
alite (C3S) and belite (C3S) is morphologically different from synthetic C-S-H. In the first
case C-S-H assumes the typical needle-shape, whereas in synthetic formation it is free to grow
and expand in a more ordered structure, similar to tobermorite or jennite [61].

In this work C-S-H was isolated from other mineral phases present in OPC and studied its
hydration reaction by thermal analysis. We synthesised C-S-H by reacting calcium hydroxide
with silica and varying the calcium to silica (C/S) ratios. The effect of the silica particle
size on the hydration of C-S-H was investigated using two different silica sources: silica fume
(particle size range 100-1000 nm) and nano-silica (particle size range 5-20 nm). We defined a
linear relationship between silica particle size and hydration kinetics and show how the final

C/S ratio of the hydrated paste can be determined.
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3.2 DMaterials and methods

3.2.1 Materials

C-S-H phases were synthesised using reagent grade calcium hydroxide powder, aqueous suspen-
sion of nano-silica, and silica fume. Calcium hydroxide, Ca(OH)y, was purchased from Sigma
Aldrich (CAS number 1305-62-0). Ludox TM-50 nano-SiOy (CAS number 7631-86-9) with a
particle size range 5-20 nm was purchased from Sigma Aldrich. Nano-silica particle size range
is 5-20 nm. Powdered silica fume SF920D (Elkem Microsilica, Norway, CAS number 69012-
64-2), with a nominal particle size range 100-1000 nm was used. To minimise carbonation
during the mixing process, deionised and decarbonated water was used [42]. Physiochemical
properties of the starting materials are reported in Table 3.1. X-ray patterns shown in Figure

3.1 demonstrate the amorphous nature of the silica fume and nano-silica particles used.

Table 3.1: Characterisation of calcium hydroxide, nano-silica suspension Ludox TM-50 (NS), and
silica fume SF920D (SF)

Material Calcium hydroxide Nano-silica (NS)  Silica fume (SF)
Form white fine powder suspension in HyO powder
Assay Ca(OH)y: > 95.0% SiOy: > 50.0% SiOs: > 90.0%

S compounds: < 0.1% H50: > 50.0%
CaCng < 3.0%

Anion traces Cl™: <0.03% Cl™: <0.05%
Cation traces Fe: < 0.05%

K: < 0.05%

Mg: < 0.05%

Na: < 0.05%

Sr: < 0.05%
pH at 25 °C 12.4 (slurry) 8.5-9.5 -
Particle size range (nm) - 5-20 100-1000
Density at 25 °C (g cm™3) 2.24 1.40 2.2-2.3
Specific area (m? g=1) 2041 110-150 15-30
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Figure 3.1: X-ray diffractogram of amorphous silica fume and nano-silica, showing single broad hump
and weak quartz reflections. [Q: quartz].

C-S-H paste was manually mixed in a nitrogen environment at room temperature. Calcium
hydroxide, silica (either silica fume or nano-silica) and water were mixed at a liquid to solid
(1/s) ratio of 2.0. Two different calcium to silica (C/S) ratios, respectively 0.81 and 2.4 mol/mol,
were investigated, as reported in Table 3.2. Specimens were cast in cubic moulds, stored in a
sealed environment at 20 °C, RH 98 + 2% and cured for 28 days. After curing, the samples
were demoulded and immersed in an acetone bath for 24 hours to arrest the hydration process
[49, 50] then placed in a drying chamber under a constant nitrogen flow. Solvent exchange
drying method was used to preserve the micro-structure for SEM imaging and no carbonation
was detected from XRD analysis [92]. All samples were then manually ground and sieved, to

obtain a homogeneous fine powder for further material characterisation.

Table 3.2: Sample mixes, silica source (silica fume, SF or nano-silica, NS) and target C/S ratio.

Sample  Silica source Initial C/S ratio

SF or NS mol/mol
SF-2.4 SF 24
SF-0.81 SF 0.81
NS-2.4 NS 24
NS-0.81 NS 0.81
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3.2.2 Material characterisation and thermal analysis

Powder XRD analyses were performed using a Bruker D8 Advance diffractometer with Cu K-«
radiation over the range 5-60° 26, step size of 0.02° 20 and 0.5 s step~!. DiffracEva software
from Bruker was used for XRD pattern evaluation and phase identification. Semi-quantitative
analysis was carried out using Matlab, by integrating the area of the peak assigned to each
mineral phase present. The samples were also characterised by Raman spectroscopy, using a
Renishaw InVia spectrometer equipped with a 20 mW He-Ne laser (633 nm). Raman shifts
were recorded over a 9 point map (200 x 200 pm) and wave-number range of 100-4000 cm ™!,
using the x 20 objective lens. The exposure time was 10 s, and each spectrum was accumulated
three times. Specific heat flow and heat of hydration of C-S-H paste were measured using an
isothermal calorimeter (I-Cal 4000 HPC, Calmetrix). Fresh paste (ca. 60 g) was cast into a
cylindrical container and placed into the calibrated calorimeter, at a constant temperature of
21 + 2 °C. The heat flow was recorded over 200 hours. Samples were mixed externally, hence
the first 5-10 min of detected heat flow were not taken into account for further calculations.
Thermo-gravimetric (TG) and differential scanning calorimetry (DSC) data were collected
using a NETSZCH STA 449 F1 Jupiter. Measurements were conducted on 10-20 mg powder
samples, under constant nitrogen flow at a heating rate of 10 °C min~! from 25 °C to 1000
°C. Results are plotted as mass loss (%) and heat flow (mW mg~!) as a function of the
temperature (°C). TG measurement results were also used to calculate the final C/S molar

ratio of the samples, according to the methodology reported in Chapter 2.

3.3 Results and discussions

3.3.1 XRD characterisation and Raman spectroscopy

XRD analyses on all the samples showed mainly portlandite and semi-crystalline C-S-H,
reported in Figure 3.2. The diffractograms show similar peak positions to C-S-H(I) [54]. XRD
patterns of C-S-H samples made at the higher C/S ratio (2.4 mol/mol) revealed the presence of

crystalline portlandite (reflections at ca. 18°, 28°, 34°, 47°, 51° and 55° 26), and broad humps
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at 29° and 32° 26, reflections typical of C-S-H. Diffractograms of samples mixed at C/S ratio
of 0.81 mol/mol showed the presence of portlandite when silica fume is used, while pure C-S-H
is obtained when nano-silica is used. Semi-quantitative XRD analyses show that samples
prepared at C/S ratios of 2.4 mol/mol using nano-silica have a lower content of portlandite
than samples with the same target C/S ratio but made with silica fume, as described in Figure
3.3. This is because of the smaller particle size and higher specific surface area of nano-silica,
which provides more nucleation sites for the formation of C-S-H and dissolution of portlandite.
At high C/S ratio (2.4 mol/mol), although portlandite is present in both samples, the phase
content of C-S-H in NS samples (ca. 59%) is nearly double that of SF samples (ca. 32%), as
shown in Figure 3.3. The Raman spectra of the samples are reported in Figure 3.4. The first
low frequency bands in the range 200-325 cm ™! correspond to the Ca-O lattice vibrations in
calcium compounds (carbonate and hydroxide), while the band in the range 325-380 cm ™!
is due to the Ca-O lattice vibrations in C-S-H gel and portlandite [94, 95]. The latter (at
350 cm™!) is stronger in samples at high C/S ratio, and shouldered by Ca-O vibration in
C-S-H band (at 327 cm™!) in sample NS-2.4. The peak in the domain 440-480 cm ™! can be
attributed to the internal deformation of SiOi_ tetrahedra, and is detected only in samples

I is assigned to bonding Q?

made with nano-silica. The strong peak in the range 660-670 cm™
tetrahedra, indicating a higher degree of polymerisation and present only in the samples made
with nano-silica, suggesting the higher reactivity of nano-silica in producing C-S-H with a
tobermorite structure, and more C-S-H content as confirmed by semi-quantitative XRD. The
band at 850-1015 cm ™! can be assigned to the symmetric stretching of SiOi_ tetrahedra in Q!
and Q? dimers and chains. The band at 1070-1090 cm™? is the symmetric stretching of CO3,
visible in samples with C/S ratio of 2.4 mol/mol, while the bands at approximately 1600 cm~*
and 3300 cm ™! are characteristic of water H-O-H bending and O-H stretching respectively
[96, 97]. The high calcium content sample, NS-2.4, appears to have a smaller and broader
Si-O-Si Q? vibration compared to NS-0.81. Partly this is due to the formation of portlandite
which has a broad band centred at c. 675 cm™! compared to the sharp C-S-H band at c. 680

cm~! but also due to the presence of Q! silicate dimers. Garbev et al., (2007) found that

samples with C/S > 1.0 had band broadening due to a lower degree of polymerisation which
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is further confirmed by the broader and smaller band of NS-2.4 and SF-2.4 [95]. The lower
C/S ratio of NS-0.81 produces a more tobermorite-like structure (shown in Figure 3.4). The
Ca-O bonds in samples SF-2.4 and NS-2.4 appear to be weaker and more easily affected by
air-exposure, resulting in the formation of carbonated products on the air-exposed surface
of the sample (peaks at 240-280 and 1070-1090 cm~!). Moreover, samples prepared with
nano-silica have a Raman spectrum more comparables to tobermorite than those prepared

with silica fume [96].
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Figure 3.2: XRD patterns of samples obtained reacting silica fume (SF) or nano-silica (NS) with
calcium hydroxide. [P: portlandite reflections; CSH: calcium silicate hydrate reflections].

3.3.2 Isothermal calorimetry and thermal analysis

Figure 3.5 shows the heat flow development of the samples measured by isothermal calorimetry.

The first peak (I) appears at the very beginning of the measurement for all the samples, as
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Figure 3.3: Semi-quantitative analysis of samples made using either silica fume (SF) or nano-silica
(NS) at calcium to silica (C/S) ratio 0.81 and 2.4 mol/mol.
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Figure 3.4: Raman spectra of the samples. [*Raman spectrum of tobermorite, RRUFF ID R060147.2].
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shown in Figure 3.5A; it corresponds to particle wetting and dissolution, the chemical reaction
which leads to the formation of hydrated phases. It reaches its maximum within 5 min,
irrespective of the silica source used or C/S ratio, which is the typical rate of heat evolution in
cementitious system [87]. The second peak (II) is the induction period and appears after 15-25
hours of hydration for samples NS-0.81 and NS-2.4. The induction period corresponds to the
polymerisation of dissolved species into new crystal structures. The greater particle size of
silica fume inhibits the formation of C-S-H and therefore acts as a retardant, but a weak broad
peak is detected after ca. 50 hours of hydration for sample SF-0.81, while SF-2.4 converges
into a straight line. This is in agreement with the semi-quantitative XRD data, where samples
with silica fume have the lowest content of C-S-H. Calculations of the cumulative heat released
over 200 hours are shown in Figure 3.6. Samples mixed using nano-silica at C/S 0.81 mol/mol
have the highest total heat, ca. 230 J g~!, in agreement with literature values for Portland

cement and alite [98, 99, 100].
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Figure 3.5: Heat flow measured by isothermal calorimetry over a hydration time of 0-200 hours and
(-A-) magnification of the range 0—1 hours. (I) the initial period, (IT) the induction period, (IIT) the
acceleration period. Increasing the C/S ratio retards the second maximum in heat evolution (II) at ca.
30 h, which is retarded further in samples made with silica fume, at ca. 50 h.

47



250
——NS 0.81 ——NS 2.4 230 /g
5 ——SF 0.81 ——SF 2.4
=200 ,
.8 ——-IMAK fitting
3
=
= 150
S
|
5
2 100
(o]
Z
=
2 50
=
Q
0

0 50 100 150 200

Hydration time in hours

Figure 3.6: Cumulative heat release in the first 200 hours of reaction, calculated from heat flow
curves.

The heat of hydration is an important parameter, relevant to different applications such as
curing temperature, reactivity with other compounds and mechanical durability. Predicting
the hydration kinetics has been of interest over the past 50 years and several models and
simulations have been proposed. The JMAK equation based on nucleation and growth kinetics
[101, 102, 103], was extensively used to model the formation of C-S-H in Portland cement
hydration and tricalcium silicate (C3S) hydration, until further improvements led to a better fit
of hydration kinetics data. Assuming a constant nucleation rate and growth rate, with adequate
morphological considerations, the JMAK equation can be derived into the so called boundary
nucleation and growth (BNG) model [104], which is very well suited to fitting CaCly accelerated
CsS hydration, but not pure C3S or Portland cement. In recent years mathematical models
have been coupled with hydration simulations to accurately simulate the complex hydration
kinetics as well the microstructural development, strength and porosity. It is worth mentioning
the Jennings and Johnson microstructure simulation model [105], in which for the first time
it was attempted the 3D representation of Portland cement particles and distribution upon

hydration as a function of time, incorporating some mechanistic aspects. Later, van Breuguel
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developed a 3D microstructure simulation called HYMOSTRUC (HYdration, MOrphology, and
STRUC development) [106]. Like the Jennings and Johnson simulation model, HYMOSTRUC
does not account for phase chemistry, calcium to silica ratio or initial particle size of the CsS
or C2S. Other simulation models (CEMHYD3D and HydratiCA) include the 3D digitisation of
cement paste images into a cubic lattice [107], or the direct simulation of dissolution, diffusion
and nucleation of new phases respectively using probabilistic rules to simulate microstructural
changes [108]. While more recent simulation models such as pic [109] are suited to investigate
the effect of particle size at the microstructure level, they do not account for solution phase
chemistry.

In this paper we focused simply on a mathematical model that describes and predicts the
formation of C-S-H from the reaction of a binary mix of calcium hydroxide and silica, accounting
for the silica particle size and the initial stoichiometry (i.e. C/S ratio). While the models
aforementioned are derived from experimental data of hydration of Portland cement paste or
CsS, here we propose a model purely for describing the hydration kinetics of a much simpler
system, where only C-S-H and portlandite are formed. Hence, the cumulative heat released

shown in Figure 6.4 can be described by the JMAK equation as shown in equation 3.1:

X(t)=1—e 0" (3.1)
where X (1) is the volume fraction that has hydrated at time ¢, k is a combined rate constant
that includes the rates of growth and nucleation, and m describes the rate control and the
crystal morphology [90]. The equation describes adequately the nucleation and growth reaction
and fits calorimetry data quite well [110, 111, 112], in the case of pure C-S-H. However, in
the JMAK equation there are no specific parameters which account for the effects of particle
size, specific surface area, and the stoichiometric C/S ratio on the hydration kinetics [8, 90].
Nevertheless, the equation can still be used to account for the effect of particle size coupled
with the C/S ratio, given the following assumptions:
e phase boundary kinetics is the rate controlling mechanism, rather than a diffusion
controlled reaction;

e since the mixing was conducted outside the calorimeter, the first 10 min of the measure-
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ment (peak I in Figure 3.5A) are not to be taken into account: hence, it is assumed
that the function increases monotonically;

e particle size range and initial C/S ratio are interdependent parameters.

Based on the above assumptions, the JMAK equation for the cumulative heat of hydration

(fitted for each sample and shown in Figure 6.4, dashed lines) is given in equation 3.2:

E(t) = A- (1 — e k—t)™) (3.2)

where E(t) is the cumulative heat released at time ¢ in J g=1, A accounts for particle size
and initial C/S ratio combined, k is the rate constant, m describes the crystal morphology,
fixed at 1, and f is the initial measurement corresponding to particle wetting and dissolution.
The coefficients of the fitting are reported in Table 3.3. The goodness of the fitting is estimated
through the calculation of the correlation factor 72, with has results in the range 0.9605-0.9918.
k value is 0.01 for C-S-H made with nano-silica and 0.005 for C-S-H made with silica fume. The
k value represents the rate of hydration and, as previously highlighted, nano-silica hydrates
faster than silica fume, regardless of the target C/S ratio of the system. The k value can then
be described as a function of the average particle size of the starting silica according to the

equation 3.3:

k = —0.011ps + 0.011 (3.3)
where Ps is the average particle size (0.02 pm for nano-silica and 0.5 pm for silica fume).
The parameter A combines the effect of particle size and C/S ratio simultaneously. It is
proportional to the specific surface area of the silica source and inversely proportional to the
calcium content (or to the initial C/S ratio). For sample NS-0.81 and NS-2.4 A values are 257
and 169 respectively. For sample SF-0.81 and SF-2.4 A value is respectively 121 and 65. As
shown in Figure 3.7 an increase of the C/S ratio (from 0.81 to 2.4 mol/mol) has a greater
impact on samples made with nano-silica and their cumulative total heat of hydration: the
higher reactivity of nano-SiO9 enables the formation of C-S-H with an higher calcium content,
compared to C-S-H formed with silica fume, as later discussed. In support of this, a decrease

of the specific surface area (inversely proportional to the average particle size) results in a
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lower A value, as shown in Figure 3.8, where A value is plotted against the average particle
size of the silica source. Assuming a linear relationship and fixing one of the two variables,
either ps or C/S, it is possible to calculate the A value as a function of the other one as
reported in equations 3.4 and equations 3.5. Furthermore, applying a multi-linear regression
for modelling the relationship between A and C/S and ps, it is possible to calculate the value
of A as a function of the ps and C/S, described in equation 3.6 and shown in Figure 3.9. The
regression model gives A values similar to those derived from the JMAK fitting in equation

3.2, and a coefficient of multiple correlation R? of 0.959.

Ans = —55.3C/S + 301.8

(3.4)
Agp = —35.2C/S +149.5
Apg1 = —282.3ps + 262.7
(3.5)
Ay g4 = —216.7ps + 173.3
A =291 — 46C/S — 248ps (3.6)
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Figure 3.7: Value of A as a function of the initial C/S molar ratio.
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Figure 3.8: Value of A as a function of the average particle size of the silica source.

Table 3.3: Values of the modified JMAK model

Sample c/S DS JMAK fitting [eq. 3.2-3.3] A-model [eq. 3.6]

[mol/mol]  pm A k r2 A R?
NS-0.81 0.81 0.02 257.0 0.011 0.9918 249 0.959
NS-2.4 2.4 0.02 168.9 0.011 0.9923 176 0.959
SF-0.81 0.81 0.5 121.7 0.005 0.9715 130 0.959
SF-2.4 2.4 0.5 65.5 0.006 0.9605 57 0.959
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Figure 3.9: Value of A as a function of the average particle size of the silica source and the target
C/S ratio.
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TG/DSC curves of the samples are presented in Figure 3.10. Thermogravimetric curves
are typical of C-S-H with a total weight loss of ca. 30-35%. The first thermal step is observed
in the range 25-200 °C and corresponds to the evaporation of pore and capillary water and
dehydration of C-S-H [54, 78]. The second weight loss occurs in the thermal step between
350-550 °C and is associated to the dehydroxylation of portlandite. The thermal step in the
range 600-700 °C may be attributed to the loss of CO4 from calcium carbonate, due to the
surface carbonation of samples during instrument operations [54]. TG data and DSC responses
are summarised in Table 3.4. Samples made with nano-silica present higher C-S-H content
than samples made with silica fume, with a total mass loss in the range 20-30%, proportional
to the content of C-S-H and pore water. In agreement with previous semi-quantitative XRD
analysis, at the same initial stoichiometric C/S ratio, nano-silica promotes the formation of
C-S-H and no Ca(OH); is detected in the mix NS-0.81. Additionally, the portlandite content,
proportional to the mass loss, in %, in the range 350-550 °C, is higher in samples made with
silica-fume, and is up to 12 wt.%. Differential scanning calorimetry curves show the first
endothermic event at ca. 80 °C, corresponding to the formation of C-S-H and evaporation of
pore water. The integrated peak area is greater in sample NS-0.81 (603 J g~!) than sample
SF-0.81 (586 J g~!). Correspondingly, the endothermic event at ca. 430 °C, associated with
the decomposition of Ca(OH)s, is greater in samples with higher C/S ratio and larger silica
particle size range (sample NS 2.4, 195 J g¢~!; sample SF-2.4, 533 J g~1). Furthermore, the
higher C/S ratio causes a shift of the DSC peak respresenting portlandite breakdown towards
higher temperature, and close to the peak centre of pure portlandite, at 460 °C, indicating an
increase in degree of crystallinity of portlandite and loss of bound water (up to ¢. 550 °C).
The DSC response of sample NS-0.81 exhibits a narrow exothermic peak at around 800 °C,

attributed to the crystallisation of wollastonite [70, 113, 39, 66].
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Figure 3.10: TG/DSC curves of samples obtained reacting silica fume (SF) or nano-silica (NS) with

calcium hydroxide. [TG measurement in solid lines, DSC response in dashed lines.

Table 3.4: TG/DSC data for all samples. DSC peak information (peak height, centre and integrated
area) and TG mass loss in the range of C-S-H (25-200 °C) and portlandite (350-550 °C). *ND: peak

not detected.

Sample Temperature range C-S-H (25-200 °C) Temperature range Ca(OH)s (350-550 °C)

DSC peak TG DSC peak TG

. C/S centre  height area mass loss centre  height area mass loss
silica pol/mol  °C mW/mg J/g % °C mW/mg J/g %
0.81 99 1.58 586 -23 436 0.19 66.4 -4
SF 2.4 78 1.02 320 -14 464 1.32 533 -12
0.81 93 1.99 603 -30 ND* ND* ND* -1
NS 24 88 1.65 496 -21 446 0.47 195 -7

TG data were used to calculate the C/S ratio of hydrated sample (final C/S ratio), accord-

ing to the methodology reported in Chapter 2, equations 2.2-2.14. Results are reported in

Table 3.5. Using nano-silica instead of silica fume as the silica source, results in an overall

higher final C/S ratio. This reflects the higher reactivity of nano-silica and its capability to

form additional C-S-H and could explain the greater contribution of C/S in A-values. However,

the lower final C/S ratio compared to the one of the starting mix suggests that the reaction is

not complete and some of the silica may not have reacted with the calcium present. The C/S

ratio plays a key role in the hydration kinetics of Portland cement and its strength development
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[14]. In hydrated OPC, it varies in the range 0.6-2.0 mol/mol, and many authors have found
that mortar and concrete pastes modified by the addition of pozzolanic nano-particles produce
a denser C-S-H with a lower C/S ratio [114, 115, 116]. Results presented here show an opposite
trend: smaller particles increase the C/S ratio of C-S-H. This is due to the enhancing reactivity
of nano-silica compared to that of silica fume. C/S ratio is a key parameter for specific
application and not only in cement industry: C-S-H can be crystallographically tailored to
incorporate radionuclides or heavy metals into its structure [39, 40], or could be expanded to
increase porosity and be used in waste-water treatment as an adsorbent material [117, 118].
Hence, understanding and predicting C-S-H formation and its C/S ratio in Portland cement
mortar and concrete is important, especially when additional components, such as fly ash or

fine silica, are added.

Table 3.5: Initial and final C/S molar ratio of samples, calculated from thermogravimetric analysis

Sample C/S molar ratio
initial final

mol/mol mol/mol
SF-0.81 0.81 0.64
NS-0.81 0.81 0.79
SF-2.4 2.4 1.58
NS-2.4 24 1.77

3.4 Conclusions

In this work the effects of silica particle size on the C-S-H hydration kinetics are presented.
C-S-H paste was synthesised using calcium hydroxide, silica and water at low and high C/S
ratio, respectively 0.81 and 2.4 mol/mol. Two different sources of silica were used: silica fume
(particle size range of 100-1000 nm) and nano-silica (particle size range of 5-20 nm). XRD
and Raman data showed that increasing the silica particle size range resulted in precipitation
of portlandite, reducing the purity of the C-S-H produced. Measured heat flow showed that
silica fume decelerates the hydration, and the cumulative heat of hydration is 3 to 5 times

greater in C-S-H made with nano-silica. For the first time, a kinetic model was defined to
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describe the hydration of C-S-H, accounting for particle size and C/S ratio. The model fits
calorimetric data and provides information to understand the stoichiometry of C-S-H based
on silica particle size. We found that the rate of hydration of samples made with nano-silica is
50% greater than samples made with silica fume.

Furthermore, the stoichiometry of the starting mixing, assessed by the means of the
A-value, has a greater impact on samples made with nano-silica (Ays—o.81 — Ans—2.4 = 88)
than samples made with silica fume (Agp_081 — Agr—24 = 56). Further investigation will
be conducted to validate the kinetic model proposed in multi-compound systems such as

OPC-nano-silica and OPC-silica fume, and other nano-powdered additive to OPC.
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Chapter 4

In-situ XRD studies on
hydrothermal synthesis of Calcium
Silicate Hydrate: the influence of

temperature on stoichiometry

Abstract. In this study synthetic calcium silicate hydrate (C-S-H) is prepared under hydro-
thermal conditions at 110 °C at calcium to silica (C/S) ratios in the range of 0.81-1.5 mol/mol.
In-situ synchrotron XRD measurements allow to investigate the influence of C/S ratio on
the crystallisation rate of C-S-H. Experimental findings show that the relative high synthesis
temperature (in the range of 60-110 °C) affects the final C/S ratio of hydrated C-S-H compared
to that one produced at room temperature. Structural investigations also revealed that C-S-H
has an anisotropic behaviour under temperature, with an expansion along the b-axis of ca.
1.2%. Furthermore, elastic properties of portlandite crystals were used to localise the excess

in calcium in hydrated C-S-H structure under different C/S ratios.
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4.1 Introduction

Portland cement constitutes one of most used materials in the world. It is largely employed
in construction industry, in conservation and restoration operations, and ultimately in so-
lidification/stabilisation treatment of polluted soils and immobilisation of heavy metals and
radioactive waste [119, 120, 121, 122, 123]. The versatility of ordinary Portland cement (OPC)
and its constituents has attracted the attention of worldwide researchers, who have attempted
artificial synthesis of its hydrated compounds, particularly calcium silicate hydrate (C-S-H)
phases such as tobermorite, xonotlite, wollastonite etc. In hydrated ordinary Portland cement
(OPC), calcium (aluminum) silicate hydrates, C-(A)-S-H, are the most important mineral
phases, responsible for early strength and hardening [8].

The mixing of cement and the environmental conditions under which it is done, have been
proven to affect the physical properties and mechanical performances. Kim et al., (1998)
found that an increase of curing temperature up to 40 °C resulted in an enhanced early-age
compressive strength but eventually a lower later-age strength [124]. Gallucci et al., (2013)
studied the chemical development of CEM 1-42.5 cured at temperatures in the range 560 °C
[125]. They found that cement cured at high temperature is higher in porosity compared to
that which is cured at low temperature, due to densification of C-S-H, affecting mechanical
properties and durability. These findings were recently confirmed by Bahafid et al., (2017),
using a class G cement cured up to 90 °C [126]. Class G cement is widely used in the oil-well
construction industry, where the temperature gradient along the depth could affect hydration
and compromise the durability of the cement walls. Hydration temperature must also be
taken into account in nuclear waste immobilisation. In storage and deep geological disposal,
radioactive waste are disposed of at a temperature near 200 °C [127], at which major changes
in the mineralogy occur [128, 129].

To better understand how temperature influences the hydration of cement, particularly
the formation of C-S-H compounds, their crystallinity degree and reactivity, researchers have
attempted hydrothermal synthesis of these mineral phases by varying temperature, pressure

and calcium to silica (C/S) ratio. Back in the 50’s Assarsson et al., (1956) investigated the
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close dependency between temperature and C/S ratio and how those two parameters lead
to morphologically different structures [130], later confirmed by Okada et al., (1994) using
29Gi NMR spectroscopy on hydrothermally formed C-S-H [131]. C-S-H was synthesised at the
temperature of tobermorite—xonotlite crossover by Hartmann et al., (2015). It was found that
crystallisation behaviour is highly affected by the temperature and the C/S ratio. Particularly,
an increase in calcium content retarded the formation of C-S-H at 180 °C [132]. Rios et al.,
(2009) studied C-A-S-H hydrothermally formed at 175 °C by X-Ray diffraction and nuclear
magnetic resonance. Presence of semi-crystalline C-S-H was found along with hydrogarnet
and tobermorite. Kikuma et al., (2011) studied the hydrothermal formation of tobermorite
by means of in-situ XRD measurements at temperatures up to 190 °C. It was found that
although the water to solid (w/s) ratio does not influence the kinetics of tobermorite formation,
the silica particle-size affects the dissolution and crystallisation curves [133]. High-energy
time-resolved XRD is an extremely useful tool to understand structural changes induced by
autoclaving conditions. XRD Bragg positions can be used to calculated the growth-rate of
semi-crystalline C-S-H or tobermorite [128, 134, 135]. Hydrothermal synthesis process is useful
for investigating alternative applications of calcium silicate phases. Tobermorite fibres were
synthesised from incinerated municipal waste to produce a highly porous material (porosity
in the range 0.1-10 pm) which have the potential to be used as an adsorbent material in
waste-water treatment [117]. Jiang et al, (2011) investigated hydrothermally synthesised
xonotlite to produce light-weight insulation materials, with thermal conductivity of 0.049 W
m~1 K~1)[136].

While hydrothermal formation of crystalline calcium silicate phases (i.e. tobermorite, xonotlite,
wollastonite etc...) has been investigated, little attention has been given to the formation
and kinetics of semi-crystalline C-S-H and its crystal structure in hot and wet environments.
The aim of this work is to provide experimental evidence of the influence of relative low
hydrothermal temperature (60-110 °C) on the structure of C-S-H in the context of varying
the C/S ratio. Although lab-XRD is a useful technique for semi-quantitative analysis, it
is not powerful enough (ca. 30 keV) for rapid in-situ studies for large core samples. We

used synchrotron time-resolved X-ray diffraction (higher intensity/temporal resolution and
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higher energy of up to 80.845 keV) to investigate changes in C-S-H structure and define a
mathematical model to predict the final C/S ratio from a given initial stoichiometry and
temperature of synthesis. This is an important and useful tool to tailor the C-S-H structure
to specific applications, from waste-water treatments to nuclear waste immobilisation, where

high temperature will interfere with cement properties.

4.2 Materials and methods

4.2.1 Materials

C-S-H phases were synthesised using reagent grade calcium hydroxide powder and aqueous
suspension of nano-silica, at set target C/S molar ratios. Calcium hydroxide (CAS number:
1305-62-0, molecular mass: 74.093 g mol~!), Ca(OH)2, and Ludox TM-50 nano-SiOs (CAS
number 7631-86-9, molecular mass: 60.08 g mol~!) were purchased from Sigma Aldrich
(particle size range 5-20 nm). To minimise carbonation during mixing, deionised and decar-
bonated water were used for mixing [42]. Starting material physiochemical properties are

reported in Table 4.1.

Table 4.1: Characterisation of calcium hydroxide and nano-silica suspension Ludox TM-50 used for
the synthesis of C-S-H.

Material Calcium hydroxide Nano-silica
Form white fine powder suspension in HyO
Assay Ca(OH)y: > 95.0% SiO9: > 50.0%
S compounds: < 0.1% H,0: > 50.0%

CaCO3: < 3.0
Anion traces Cl—: <0.03% Cl—: <0.06%
Cation traces Fe: < 0.05%

K: < 0.05%

Mg: < 0.05%

Na: < 0.05%

Sr: < 0.05%
pH at 25 °C 12.4 (slurry) 8.5-9.5
Particle size range (nm) - 5-20
Density at 25 °C (g cm™3) 2.24 1.40
Specific area (m? g 1) 20-41 (hydrated) 110-150
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C-S-H samples were prepared according to the methodology described in Chapter 2.
Specimens were manually mixed in a nitrogen environment at high pH-values and room
temperature. Calcium hydroxide, nano-silica and decarbonated and deionised water were
mixed at a liquid to solid (1/s) ratio of 2.0. C-S-H pastes were mixed at different calcium
to silicate (C/S) ratios and temperatures, as reported in Table 4.2. Hydrothermal synthesis
was conducted firstly in our laboratories, in order to investigate a wide range of mixes and
duration of synthesis (from 3.5 to 12 hours), referred to as ez-situ experiments. After the
synthesis, samples for TGA /DSC analysis were oven dried at 60 °C for 100 hours to remove
pore water prior to TGA analysis [54]. All samples were then manually ground and sieved,
to obtain a homogeneous fine powder for further material characterisation. In-situ XRD
experiments were conducted at Diamond Light Source (UK), on C-S-H samples at two different
C/S ratio and fixed synthesis temperature (110 °C). Such values of temperature where chosen
to simulate environmental conditions in cement and concrete infrastructure in oil extraction
or deep geological storage of low and medium-level radioactive waste.

Table 4.2: Sample mixes, target C/S ratio values (in mol/mol), synthesis duration (in hour) and
temperature (in °C).

Sample Target C/S ratio Time Temperature
mol/mol hours °C
CSH-0.81-H 0.81 3.5 110
CSH-1.0-H 1.00 3.5 110
CSH-1.2-H 1.20 3.5 110
CSH-1.5-H 1.50 3.5 110
CSH-0.81-L 0.81 12 60
CSH-1.5-L 1.50 12 60

4.2.2 FEzx-situ hydrothermal synthesis and characterisation

Hydrothermal synthesis was carried out using a stainless steel pressure vessel (Parr Instrument
company, series 4750) with volume 29.4 cm?, as shown in Figure 4.1. Freshly mixed paste (ca.
17 g) was poured into a pre-heated polytetrafluoroethylene (PTFE) liner (internal volume of
10 cm?3, 24 mm outer @ and 65 mm in total length) and inserted into the vessel. The vessel

was then placed into a pre-heated oven at the synthesis temperature, 60 °C or 110 °C for 12
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or 3.5 hours respectively. The water pressure during synthesis was calculated to be 0.2 bar
and 1.45 bar respectively at 60° and 110 °C. At the end of the synthesis, the specimen was
in a solid state, and finely powdered for XRD characterisation. Powder XRD analyses were
performed using a Bruker D8 Advance diffractometer with CuKa radiation over the range
5-60° 26, step size of 0.02° 20 and 0.5 s step~!. DiffracEva software from Bruker was used
for XRD pattern evaluation and phase identification. Semi-quantitative analysis was carried
out using Matlab by integrating the area of the peaks assigned to each mineral phase present
[93]. Prior to thermo-gravimetric analysis, samples were dried at 60 °C for ca. 100 hours to
remove pore water [54]. Thermo-gravimetric (TG) and differential scanning calorimetry (DSC)
data were collected using a NETSZCH STA 449 F1 Jupiter. Measurements were conducted
on 18-23 mg powder samples, under constant nitrogen flow at a heating rate of 10 °C min—!
from 25 °C to 1000 °C. Results are plotted as mass loss (%) and heat flow (mW mg~—!) as a

function of the temperature (°C). TGA/DSC measurement results were used to calculate the

actual C/S molar ratio of the samples, according to the methodology used in Chapter 2.
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Figure 4.1: Pressure vessel used for ez-situ hydrothermal synthesis (Parr Instrument - part number
4750).
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4.2.3 In-situ time-resolved synchrotron XRD measurement

In-situ XRD measurements were carried out at the UK synchrotron Diamond Light Source,
using a 2D monochromatic high-energy beam (80.845 keV and A=0.15336 A) on the Joint
Engineering, Environmental and Processing (I12-JEEP) beamline. The X-ray beam size

was 1x1 mm?

. X-ray diffraction images were collected in transmission geometry with a
large-area 2D detector (Pixium RF4343; Thales). The exposure time for collection of a single
diffraction image was 60 seconds. The precise energy calibration was defined by measuring a
CeO4 standard (NIST Standard Reference Material 674b) at five various standard-to-detector
distances with the relative difference of 100 mm between two detector positions following the
approach of Hart et al., (2013) [137]. Then, a standard sample was measured again to calibrate
absolutely the sample-to-detector distance, the orthogonality of the detector with respect to
the incoming beam, and the position of the beam centre on the detector. 2D patterns were
radially integrated into the Q-space to obtain intensity curves, I(Q), using DAWN software

[52]. Data were then converted into the 26 space corresponding to a laboratory Cu-anode

source applying equation 4.1:

20 = 2asin

A
¢ 4:“ (4.1)
where \cy, is 1.542 A and Q is the Q-space value.

The heating chamber used was specifically designed for synchrotron in-situ experiments
and built by Pascoe Engineering Ltd as shown in Figure 4.2. The chamber constitutes a
heating block (120x120x110 mm) made of aluminium and equipped with six cartridge heaters
(9 mm @ and 90 mm in length) connected to an external controller. The inner chamber sits
inside the heating block and consists of a parallelepiped of 84 cm?, made from stainless steel,
and a temperature resistant gasket and lid. The cell was tested and certified for maximum
operational conditions of 6 bar and 10 hours. Two fused quartz windows (20 mm © and 2 mm
in thickness) are welded onto each side-wall of the inner cell and aligned with the window holes
in the heating block. Two thermocouples, J-type and K-type, are inserted into the heating

block and the inner cell through the lid to monitor the temperature of the sample during the
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XRD measurement. C-S-H paste was poured into a PTFE liner (15 mm @, 55 mm high and
9.7 cm®) and placed into the inner cell. The temperature of the sample was kept at 110 +
5 °C for 3.5 hours. XRD patterns were collected every 60 seconds over the duration of the

experiment.

Inner
cell

Quartz
window

Heater
block

Cartridge
heaters

jl:“; ay

Figure 4.2: Heating chamber used for in-situ synchrotron XRD measurements: block with six
cartridge heaters, inner cell with fused quartz windows.

4.3 Results and discussions

4.3.1 XRD characterisation and thermal analysis

Laboratory XRD measurement on the sample synthesised at 60 °C for 12 hours at target C/S
ratio 0.81 mol/mol shows the formation of pure C-S-H. Broad peaks are observed in the range
ca. 15-20° 260, and ca. 40-60° 26. The narrow peak at 29.5° 20 is the main reflection of C-S-H,
as shown in Figure 4.3 (top). At higher target C/S ratio (1.5 mol/mol) crystalline portlandite

is detected (ICSD collection code 15471). Increasing the temperature of the synthesis to 110
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°C while decreasing the duration (3.5 hours) results in the formation of pure C-S-H at the
lowest target C/S ratios (0.81—1.0 mol/mol). An increase of the C/S ratio to higher values
(1.2-1.5 mol/mol) results in broadening of the C-S-H major reflections and precipitation of
portlandite, in agreement with previous studies [55, 93], and detailed in Figure 4.3 (bottom).
The patterns show similar peak positions to C-S-H(I) [66]. Semi-quantitative XRD analysis
performed on all the samples, suggests that synthesis temperature influences the formation
and purity of C-S-H phases compared to those formed under ambient conditions. In previous
work reported in Chapter 2, samples with target C/S ratio of 1.2 mol/mol show a relative
content of C-S-H of 95%: increasing the temperature to 110 °C the C-S-H content decreases to
83%. Samples with target C/S ratio of 1.5 mol/mol under ambient conditions have a relative
C-S-H content of 79%: it decreases to 76% and 69% respectively for synthesis at 60° and 110
°C. Values of C-S-H and portlandite (P) relative content are reported in Figure 4.4 (top) and
4.4 (bottom).

TG/DSC curves of C-S-H synthesised at 60 °C and 110 °C are presented in Figure 4.5
(top) and Figure 4.5 (bottom). Samples which have a target C/S ratio of 0.81 mol/mol are
typical of C-S-H with a total weight loss of ca. 15%. Increasing the C/S ratio, a clear weight
loss step at ca. 400 °C is present, corresponding to the dehydration of portlandite. The
DSC response exhibits an endothermic peak associated with the dehydration of portlandite
and an exothermic peak at ca. 800 °C, attributed to the loss of Si-O-H groups [70, 39] for
samples at high C/S ratio, and to transition to wollastonite for sample at C/S ratio of 0.81
mol/mol. Samples made at target C/S ratio 0.81 and 1.0 mol/mol show no endothermic
episodes regardless the synthesis temperature. Samples with higher C/S ratio (1.2 and 1.5
mol/mol) have greater overall weight loss (ca. 25%) and exhibit an additional endothermic
event at ca. 680 °C. This is associated with traces of CO5 released by decarbonation of
amorphous CaCOj3-(H20), due to surface carbonation during the operation of the instrument

(66, 54].
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Figure 4.3: XRD patterns of samples (target C/S ratio of 0.81 and 1.5 mol/mol) synthesised at
60 °C (top) and samples (target C/S ratio of 0.81-1.5 mol/mol) synthesised at 110 °C (bottom). [P:
portlandite reflection/phase; CSH: calcium silicate hydrate reflection/phase]
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Figure 4.4: XRD relative phase content obtained by semi-quantitative analyses on samples made at
60 °C (top) and samples made at 110 °C (bottom). [P: portlandite reflection/phase; CSH: calcium
silicate hydrate reflection/phase].
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Figure 4.5: TG/DSC curves of samples at different target C/S ratios synthesised at 60 °C (top) and
samples synthesised at 110 °C (bottom). [TG curves in solid lines, DSC curves in dashed lines].
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4.3.2 Modelling the C/S ratio as function of temperature

TG weight loss was used to calculate the actual C/S ratio of the C-S-H produced in each
sample. We followed the methodology described in Chapter 2, equations 2.2-2.14. In Figure
4.6 the actual C/S ratios is plotted as a function of the target C/S and the temperature of
the synthesis. Increasing the hydrothermal formation results in a lower C/S ratio for the
same initial stoichiometry. A linear relationship between target and calculated C/S ratios in
the range 0.81-1.5 mol/mol is observed for synthesis at room temperature (20 £ 1 °C) as
reported in Chapter 2 and in agreement with literature [38, 73]. This feature is also observed

for synthesis at 60 °C and 110 °C. The best fit regression line is given by the equation 4.2:

C/8 = u(T)-C/S +¢(T) (4.2)

where C/S is the calculated C/S ratio, u(T) is the gradient, and €(T) is the y-axis intercept,
the former is inversely proportional to the temperature (T) and the latter directly proportional
to the temperature (T). pu(7T) is dimensionless and could represent the effect of the temperature
on the stoichiometry of the system, while €(T) could represent a stoichiometric correction factor
taking into account the kinetic reaction of C-S-H formation and the synthesis temperature.
Assuming a linear relationship between the two parameters and the temperature as shown in

Figure 4.7, u(T) and €(T) are fitted as shown in equation 4.3 and equation 4.4:

w(T)=—-a-T+~y (4.3)

e(T)=B-T+36 (4.4)

where « is the reciprocal temperature (°C~1), v is a constant, 3 is the specific C/S ratio
per degree Celsius in mol/(mol °C) and along with d, in mol/mol, take into account the
stoichiometry of the chemical reaction of C-S-H formation. The fit yielded the following
parameters: a = 0.0015, 8 = 0.0008, v = 0.7371, and § = 0.2123. The model is based on
a linear relationship between C/S ratio and temperature, in agreement with the study of

Bahafid et al., (2017) [126]. This assumption is valid only within the temperature range (ca.
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—~5°4150 °C) in which the formation of C-S-H is physically possible. The lower temperature
limit is reported to be —5 °C, at which point the paste freezes and the water needed for the
chemical reaction to form C-S-H [zCa(OH ) +ySiOs+2H20 —xCa0-ySiOs - (x + z) Hp O] starts
crystallising into ice. The higher temperature limit is calculated at the intersection of the two
lines, imposing the condition p(T) = €(T), for which T = 220 °C. This is the temperature above
which C-S-H transforms into tobermorite at ambient pressure or xonotlite [128, 133, 56] and
loss of bound water occurs. Comparing the experimental data with results obtained from the

three-equations, the maximum error observed was < 2.0%. Increasing formation temperature
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Figure 4.6: Calculated C/S molar ratio values plotted as a function of the target C/S ratio of samples
at different synthesis temperatures. (*)Data are compared to values obtained from synthesis at room
temperature (21 °C) reported in Chapter 2.

produces C-S-H with a lower C/S ratio compared to synthesis at room temperature. C-S-H
formed hydrothermally has a reduced interlayer distance that decreases further with increasing
temperature explains the lowered C/S ratio and the higher excess of portlandite compared to

room temperature. This is in agreement with the previous semi-quantitative results.
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Figure 4.7: Values of coefficients 1 and € as a function of temperature calculated at 21°, 60° and 110
°C.

4.3.3 Phase evolution during the synthesis process

Time-resolved synchrotron XRD patterns for C-S-H at C/S 0.81 mol/ mol and 1.2 mol/mol
synthesised at 110 °C are shown in Figures 4.9, 4.10, 4.11 and 4.12. For phase identification
and data analysis, the background induced by the heating chamber and the fumed-silica glass
windows was removed. However, reflections (indicated with *), from the PTFE liner, are
present in the XRD patterns. Subtraction of those peaks would have compromised the overall
quality of the data and so are not removed. During the synthesis of sample at C/S ratio 0.81
mol/mol the temperature slightly oscillated from 109 °C to 115 °C during the whole period of
the measurement. It means the temperature was constant at 112.5 £+ 2.5 °C. For the sample
at C/S ratio of 1.2 mol/mol, the starting temperature was around 140 °C. It monotonously
decreased to 110 °C during first 25 min of the experiment and then oscillated between 110
and 115 °C in the same way as observed for the previous sample. The temperature profiles of
both samples are reported in Figure 4.8.

For the sample with target C/S ratio 0.81 mol/mol, only crystalline portlandite is found
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Figure 4.8: Temperature profile during the synthesis of samples at C/S ratio 0.81 and 1.2 mol/mol.

at the initial stages of synthesis (ICSD 64950, [138]) but starts to visibly decrease after 10
min, eventually disappearing completely. C-S-H forms after 10 min, as an amorphous phase,
shouldering portlandite reflections, P(001), P(2-10) and P(2-11), and then rapidly increases
in intensity until the end of the synthesis. In the sample with target C/S ratio 1.2 mol/mol,
portlandite reflections decrease more slowly and are still observed at the end of the experiment.
C-S-H starts forming after 15—20 min, rapidly grows and remains constant until the end of the
experiment. The velocity of C-S-H and portlandite growth or dissolution is calculated from
peak heights in each time resolved XRD pattern and then normalised.

Results are plotted for the two major reflections of portlandite, P(101) at ca. 34.5° 26
and P(102) at ca. 47° 26, and two major reflections of C-S-H at ca. 29.2° 20, regarded
as CSH(110) and ca. 49.5° 20, regarded as CSH(020) [139]. Figure 4.13 (top) shows the
dissolution of portlandite plotted against the growth of C-S-H for sample at C/S 0.81 mol/mol.
The saw-tooth effect observed in Figure 4.14 is due to a ring current oscillation occurred
during data collection. Portlandite decreases rapidly in intensity within the first 25 min and
then decreases with a slower rate. C-S-H grows rapidly from the beginning of the synthesis to

t ~ 30 min and then increases slowly until the end of the process. The formation of C-S-H
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Figure 4.9: 3D Stack of time-resolved in-situ XRD patterns for sample with target C/S ratio 0.81
mol/mol synthesised at 110 °C. [CSH: reflections from calcium silicate hydrate phase. P: reflections
from portlandite. (*) reflections associated with the PTFE sample holder]
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Figure 4.10: The contour plot of 3D XRD patterns collected during the annealing of the sample with
C/S ratio 0.81 at 110 °C (left) and selected 1D intensity curves after 0, 20 and 210 min of annealing
(right).
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Figure 4.11: 3D Stack of time-resolved in-situ XRD patterns for sample with target C/S ratio 1.2
mol/mol synthesised at 110 °C. [CSH: reflections from calcium silicate hydrate phase. P: reflections
from portlandite. (*) reflections associated with the PTFE sample holder]
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Figure 4.12: The contour plot of 3D XRD patterns collected during the annealing of the sample with
C/S ratio 1.2 at 110 °C (left) and selected 1D intensity curves after 0, 20 and 210 min of annealing
(right).
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follows a nucleation and growth process, the former associated with the formation of broad
peaks, the latter responsible for peak-narrowing [128]. An increase in calcium content (C/S
ratio at 1.2 mol/mol) affects C-S-H growth: both C-S-H reflections start increasing with a
delay of ca. 10 min, and at 30 min a slight difference in the rates of growth is observed, as
shown in Figure 4.13 (bottom). The rate of increase of the reflection CSH(110) appears to
be slightly greater than that of of CSH(020), suggesting that the presence of more Ca ions
inhibits the crystal growth along the b-axis, in agreement with Grangeon et al., (2016) [140]
and Tajuelo et al., (2017) [66]. C-S-H growth and portlandite dissolution rates were fitted

using the Avrami (or JMAK) function (equation 4.5) [90]:

I (t) = A(1 — eFC=to)™) (4.5)

where I, (t) is the normalised intensity of the XRD reflections, proportional to the volume
fraction that has transformed at time ¢, A is a proportional coefficient, m reflects the growth/-
dissolution dimensionality and mechanism, and k is a rate constant that takes into account
the rates of growth and nucleation or dissolution process. The kinetic relationship was used to
fit C-S-H growth and portlandite dissolution. In the first case m was fixed at 1, assuming that:
(a) C-S-H is growing in sheets or platelets, based on SEM evidence in reported in Chapter 2
and elsewhere [75, 51]; (b) diffusion is the growth mechanism and it is rate-controlled, and (c)
the type of nucleation is for site saturation. k& and A were allowed to vary and {; varied in
the range 8-12 min. In the second case m and k were allowed to vary and A was fixed at 1.
Parameter values are given in Table 4.3. The rate constant k for CSH(020) with C/S ratio
at 1.2 mol/mol is 0.04 min~—!, smaller than that for 0.81 mol/mol, indicating a lower rate of
growth along the b-axis. Similarly, portlandite tends to dissolve more slowly when it is present
in greater quantities with values of £ ca. 10 times smaller.

To consider the effect of temperature and C/S molar ratio on the crystallographic structure
of C-S-H, the XRD diffraction peak position of C-S-H and portlandite were observed. Calcium
silicate hydrate structure varies with Ca and Si content, synthesis condition and temperature.
The lattice parameters vary too and shifts in Bragg peak position are often reported [128,

135, 56]. Figures 4.14 (top), 4.14 (centre) and Figure 4.14 (bottom) show respectively the
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Figure 4.13: Time dependence of normalised peak intensity for sample with target C/S ratio 0.81

mol/mol (fop) and sample with target C/S ratio 1.2 mol/mol (bottom). [P, portlandite reflections;

CSH, calcium silicate hydrate reflections. Data were fitted using equation 4.5 for C-S-H growth (blue
line) and portlandite dissolution (red line)].

76



Table 4.3: Values of the parameters of Avrami equation used to fit the normalised intensity curves of
portlandite and C-S-H reflections.

Bragg reflection C/S A k m to R?

mol/mol - t1 - min -

CSH(110) 081 096 005 1 0 095
CSH(020) 081 096 005 1 12 094
CSH(110) 12 096 004 1 8 095
CSH(020) 12 093 004 1 11 095
P(101) 0.81 1 522 -25 0 0.99
P(102) 0.81 1 425 -24 0  0.99
P(101) 1.2 1 34 -14 0 0097
P(102) 1.2 1 32 -14 0 098

d-spacing of C-S-H reflections (110), (200) and (020), (in A), as function of time (in min).
Values are compared to peak positions of C-S-H synthesised at room temperature (red dashed
lines). For C/S ratio 0.81 and 1.2 mol/mol,reflection CSH(020) stabilises at a constant value
(higher than that of C-S-H synthesised at room temperature) until the end of the process
(Figure 4.14 bottom), whereas a monotonic decrease in the reflection CSH(200) is observed, as
shown in Figure 4.14 (centre). In both cases, however, the elevated temperature causes a shift
of the peak position toward higher d-spacing, suggesting that the C-S-H structure is under
lateral extension, more evident in the b-direction 4.14 bottom. Further extension (ca. +0.3%)
is caused by an increase of Ca content (C/S ratio 1.2 mol/mol). The main and strongest
reflection CSH(110) increases with time, from 3.054 A to 3.059 A at the end of the synthesis
for sample at C/S ratio of 0.81 mol/mol, and from 3.054 A to 3.061 A for sample at C/S ratio
of 1.2 mol/mol, with an extension of ca. +0.2 + 0.02% to that of C-S-H synthesised under
ambient conditions (3.047 A).

Figure 4.15 shows the peak position of portlandite and a magnification of one peak at
ca. 47° 26. As the reaction proceeds peaks shift toward lower 26 angle (higher d-spacing),
in accordance with literature; Fukui et al., (2003) described the thermo-elastic properties of
portlandite under temperature and pressure increase and an equation of state for portlandite
was obtained via in-situ XRD measurements. Xu et al., (2007) found that gradually increasing
the temperature from 308 K to 643 K of Ca(OD)s powder resulted in an anisotropic volumetric

expansion of the unit-cell mainly along the c-axis [141]. In this work a Monte Carlo simulation
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by McMaille was used to calculate the portlandite unit-cell parameters [142]; results are
presented in Table 4.4. In the sample synthesised at C/S ratio 0.81 mol/mol, calcium
hydroxide is rapidly consumed to form C-S-H and thermal expansion is limited to the first 60
min of the synthesis, after which no portlandite is detected (volumetric expansion of +0.41%).
In sample at C/S 1.2 mol/mol, a higher volumetric expansion (+0.9%) was observed, due to
the excess of unreacted calcium hydroxide. The coefficient of volumetric thermal expansion

(aw) of portlandite was calculated using the equation 4.6:

m(%) _ / apdT (4.6)

0

where Vj is the initial unit-cell volume (54.777 A3) at initial temperature Ty = 21 °C

(294.15 K), V is the volume measured at the time ¢ (min) and temperature T (K).
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Figure 4.15: Stack of XRD plots of sample at C/S 1.2 mol/mol synthesised at 110 °C. Magnification
of XRD position at 46.4-47.6°26 and peak profile of Portlandite reflection P(102)

The value calculated for the coefficient of thermal expansion of portlandite, a,,, for the
sample synthesised at C/S ratio 1.2 mol/mol is 4.48-1075 K~!, smaller than that reported in
the work of Fukui et al., (2003), 5.49-10~° K~! [143]. This could indicate that the excess of
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Table 4.4: Summary of crystallographic parameters of Ca(OH)s obtained using McMaille for indexing
powder diffraction patterns.

Parameters ICSD 64950 sample C/S 0.81 sample C/S 1.2
temperature (°C) 21 115 110 140 110
time (min) - 1 50 1 50

Space group P-3m1

Lattice parameters (A) a 3.589 3.5912  3.5973  3.5982 3.6
a=£3=90° b 3.589 3.5912  3.5973  3.5982 3.6

v=120° c 4.911 4.8981 4.9084 4.9263 4.9254

Unit-cell volume (AS) A% 54.7832 54.777 55 55.138  55.282

Ca™™ precipitates as Ca(OH)2, which is included in the interlayer of C-S-H, where is not free
to expand to its maximum. This finding supports the experimental observation of Grangeon
et al., (2016): increasing the C/S ratio results in a decreased basal spacing and structural
evolution of C-S-H, where Si bridging tetrahedra are omitted and interlayer Ca™™ ions start
coordinating to form interlayer Ca(OH)y resembling portlandite [140]. However, in the present
in-situ experiment observation of the basal spacing (at around 7° 26) was not possible, due
to instrument settings. From the semi-quantitative results afore-presented, the sample with
C/S ratio 1.2 mol/mol synthesised at 110 °C has a relative content of portlandite ca. 17%,
higher than the one synthesised at room temperature (ca. 5%); this indicates that a significant
amount of Ca™™ in excess has been included in the C-S-H interlayer as Ca(OH)sg, limiting
its thermal expansion when increasing target C/S ratio from 0.81 mol/mol to 1.2 mol/mol
at 110 °C, in agreement with the results presented in Grangeon et al., (2016) [140]. Hence
temperature plays a key role on C-S-H formation and structural evolution, portlandite could
be used as an indirect indicator of structural changes in C-S-H. Grangeon et al., (2013) stated
that synthesis temperature has no significant influence on the three-dimensional structure of
C-S-H [56]. In the present work, however, a thermal expansion of C-S-H (i.e. lateral extension
along a-axis and b-axis) was observed, with respect to samples synthesised at 21 °C. This
could suggest an anisotropic behaviour of the C-S-H structure under hydrothermal conditions
described as a decrease (or self-compression) of the interlayer spacing, due to omitting Si

bridging tetrahedra, and a thermal expansion along the a and b-axis.
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4.4 Conclusions

C-S-H was hydrothermally synthesised at 60° and 110 °C at varying C/S ratio, respectively 0.81
and 1.2 mol/mol. The syntheses were conducted ez-situ, using university laboratory facilities
and post-analysis (lab-XRD, TG/DSC) and modelling, and in-situ by means of synchrotron
X-ray radiation for time-resolved diffraction pattern acquisition. Particularly, C-S-H growth
and portlandite dissolution were monitored by synchrotron in-situ XRD measurements. The
following conclusions can be drawn from this study:

e An increase in synthesis temperature results in a decrease of final C/S ratio: a three-
equations model was defined to predict the C/S ratio from a given initial stoichiometry
and synthesis temperature.

e Higher target C/S ratio results in a lower rate of C-S-H formation, at the same temper-
ature.

e Ca(OH)y X-ray fingerprints were used as indirect measurement of the C-S-H structure
and its anisotropic behaviour under hydrothermal conditions.

Results here presented are valuable for further research, especially modelling and investig-

ation [144, 145] of elastic properties of C-S-H hydrothermally synthesised.
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Chapter 5

Low-pressure silica injection for
porosity reduction in cementitious

materials

Abstract. The durability of building materials is related to the presence of cracks as they
provide a fast pathway to the transport of liquid and gases through the structure. Restoration
and preservation of historic buildings has been investigated through the application of novel
cementitious materials, using nanoparticles such as nano-silica and silica fume. The small
particle size range and the high reactivity of nanoparticles allow them to interact with
calcium sources naturally present in construction materials, forming binding and strengthening
compounds such as calcium silicate hydrate. Nanoparticles act as a crack-filling agent, reducing
the porosity and increasing the durability of existing materials. In this study it is described
the injection of nano-silica using low water pressure in hydrated cement paste. This novel
technique can tailor mechanical and hydraulic properties of existing building materials using a

simple and non-destructive procedure.
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5.1 Introduction

Most of the built environment uses cement or concrete in some way, and many historic
buildings constructed in 1950’s and later suffer from crack formation, water penetration and
damage mechanisms such as alkali-silica reaction. Cracking in concrete and mortar is an
inevitable phenomenon of ageing and erosion. Thus, material characteristics such as porosity,
permeability and strength are altered during ageing. Hardened concrete and cement contain
two important mineral phases: calcium hydroxide (portlandite) and C-S-H, the former has a
defined crystalline structure, the latter is semi-crystalline [146]. C-S-H is the phase responsible
for strength development in concrete and can form up to 70% of the total volume of hardened
concrete [38]. C-S-H is produced by hydration of C3S and CsS (impure tricalcium silicate and
dicalcium silicate respectively) which are present in cement clinker. Pozzolanic materials such
as fly ash, slag, rice husk ash and silica fume can also be added, resulting in the production of
more of C-S-H and improved mechanical performance [147, 24]. The formation of cracks and
increased porosity from leaching in concrete and cement paste presents an easy pathway for the
ingress of moisture. Gaps and cracks can be reduced by treating with nanoparticle consolidants.
In the work presented here, the injected silica reacts with portlandite naturally present in
hydrated cement paste to form new C-S-H and reduce the porosity of the system. The result
is increased durability and life-time [148, 149, 150, 151]. Research on partial replacement
of cement clinker with nano-silica [152] found that increasing the quantity of nano-silica
replacing cement from 3% to 5% vol. results in higher mechanical strength of mortar through
acceleration of the hydration reaction and the filler effect of nano-particles. In addition, the
hydrated paste had a dense and compact texture and an absence of portlandite crystals was
observed, suggesting that most of the calcium hydroxide reacted with the nano-silica added
[152, 153, 76]. Nano-silica addition to cement paste increases C-S-H formation and accelerates
hydration of unreacted alite (C3S), due to the high reactivity of small particles [154]. An
average water penetration depth of 14.6 cm in concrete made with fly ash and cement under
low applied pressure was observed, whereas a water penetration depth of 8.1 ¢m in concrete

mixed with nano-silica under high pressure was recorded, confirming the improvement in water
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penetration resistance with nano-silica addition [153]. It was concluded that the pozzolanic
reaction of fly ash in the presence of nano-silica produces C-S-H faster and earlier compared
to OPC with fly ash but no nano-silica. Qing et al., (2007) report little acceleration in the
setting time of fresh paste with increasing nano-silica content, but some enhancement of
compressive strength. Pozzolanic reactivity of nano-silica is higher than silica fume, due
to the smaller particle size and higher specific surface area [76]. Varying the nano-silica
content (3, 6, 9, and 12 wt.%) in mortar produces an increase in strength correlated with a
decrease in calcium hydroxide content. The heat of hydration is also increased by addition
of nano-silica due to the rapid hydration of silicates [155]. Nano-silica surface treatments
have been investigated using electro-kinetic deposition, nanoparticle coating, brushing etc.
A reduction in permeability was observed by Cardenas et al (2006), for low alkali cement
paste with 0.8 w/c ratio and impregnated with colloidal alumina by electro-phoresis [148].
Pore size refinement by reduction in pore volume of treated samples with higher w/c ratio
was also observed. The effect of curing temperature on hardened cement paste treated with
nano-silica and tetraethyl orthosilicate (TEOS) in sealed and unsealed condition was studied
[149]. They found that mortar samples cured at 50 °C and treated with nanosilica/ TEOS
show a reduction in water absorption compared to samples cured at 20 °C. High temperature
curing contributes to production of additional C-S-H gel and reduction of calcium hydroxide,
which results in capillary pores becoming smaller and finer gel pores. The transport properties
of cement pastes with varying w/c ratio and surface treated with nano-silica and TEOS
were also investigated. The water absorption and water vapour permeability is decreased by
incorporation of nano-silica and TEOS in mortar with higher w/c ratio. Hardened mortar
surface treated by nano-silica using electro-migration, showed reduced cumulative porosity
and a higher rate of pozzolanic reaction was confirmed by the portlandite content [150]. While
the application of nano-particles to cement and concrete surfaces has been shown to have
beneficial effects on cement durability, very little research has been conducted on developing
low cost and non-destructive techniques for concrete surface treatment. The aim of this work
was to investigate a non-destructive and easily applied conservation treatment for cement and

concrete, which is relevant to infrastructure conservation, ranging from buildings to bridges
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and more specialist applications in nuclear waste containment ponds. In this study the effect of
nano-silica and silica fume injection in hardened cement paste was investigated by quantitative

analysis of hydration products (C-S-H and portlandite) present.

5.2 Materials and methods

5.2.1 Materials

The experiments were carried out on pure hardened cement paste, using ordinary Portland
cement CEM II/A-L, class 42.5 N purchased from Lagan Cement (physiochemical properties
are listed in Table 5.1) and deionized water. Nano-silica (NS) suspension LUDOX TM-50
(CAS number 7631-86-9) and silica fume (SF) (CAS number 69012-64-2) ELKEM microsilica

SF920D were used. Their chemical properties are detailed in Table 5.2.

Table 5.1: Characteristic of CEM II/A-L (Class 42.5 N) Portland cement (according to the certificate
of conformity, test method BS EN 196-2).

Components CEM I1
Clinker 80-94%
Gypsum added 4.0%
Limestone 6-20%
Chemical composition (>0.2%)

SiO9 18.2%
Al,Og3 4.5%
F6203 2.6
CaO 64.0
MgO 1.3
SO3 2.3
NayO 0.23
Density (kg m~3) 3100
Specific area (m? g~!) 0.41

Compressive strength at 28 day (MPa) 57.5
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Table 5.2: Characteristics of nano-silica (NS) aqueous suspension and silica fume (SF).

Components NS SF
State suspension in HoO  powder
Chemical composition (>0.2%)

SiO9 50% 99.9%
Water 50% -
Particle size diameter (nm) 5-20 100-1000
Density (g cm™3) 14 2.2-2.3
Specific surface area (m? g=1) 110-150 15-30

5.2.2 Sample preparation

Cement samples were prepared mixing Portland cement and deionized water at a water to
cement (w/c) ratio of 0.41. Cement and water were mixed in a rotary mixer according to
BS EN 196-1:2005. Cement paste was cast into plastic moulds (35mm © and 4mm thickness,
disc-shaped) and cured under controlled conditions (RH 98 + 2% and temperature of 21 +
2 °C). After 28 days, cement discs were oven-dried at 60 °C for ca. 100 hours, until mass
change was negligible. Drying temperature of 60 °C was chosen because it does not affect the

pore-structure and mineralogy of the cement paste [156, 157, 158, 92].

5.2.3 Experimental design

Nano-silica injection was carried out by varying three parameters: injection period, percentage
of nano-silica injected and silica particle size (NS or SF) using a constant applied pressure head.
Silica solutions were prepared using nano-silica stock suspension or solid silica fume, mixed
with deionized water. In order to investigate how the penetration depth in the disc varies
with nano-silica content, three different percentages (10, 15 and 20 wt.%) were used, for a
total injection time of 14 days. The effect of injection time was determined by keeping cement
discs under hydrostatic injection for 7, 14 and 28 days with 10 wt.% nano-silica colloidal
suspension. To compare the reactivity and effect of particle size on penetration depth, samples
were injected with 10% and 20% of silica fume for the period of 14 days (Table 5.3). The
cement disc was fixed in place at the bottom of a PVC pipe of 2 m length and 40 mm internal

diameter (Figure 5.1), the pipe was then clamped vertically in a retort stand. The solution of
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nano-silica at a given concentration was slowly poured into the pipe from the top, to minimize
the density gradient. The length of pipe used gives a constant hydrostatic pressure of 20 kPa
at the bottom of the pipe, where the OPC specimen is placed. After filling the pipe, a plastic
cap was placed at the top of the pipe to avoid evaporation of the suspension. At the end of
the injection period the disc was removed and oven-dried at 60 °C for ca. 100 hours, until no
change in weight was recorded. The sample weight was recorded before and after the injection

to quantify the mass of silica added to the pores.

Table 5.3: Experimental data and sample detail of each mix using either nano-silica (NS) or silica
fume (SF).

Sample Injected silica Silica content Injection period

NS or SF wt.% days
S10-7 NS 10 7
S10-14 NS 10 14
S15-14 NS 15 14
S20-14 NS 20 14
S10-28 NS 10 28
SF10-14 SF 10 14
SF20-14 SF 20 14

5.2.4 Microstructural analysis

The capability of injected silica to react with portlandite, calcium hydroxide (CH), present in
the hydrated cement paste to form additional calcium silicate hydrate (C-S-H) was determined
by the quantity of calcium hydroxide and calcium silicate hydrate in the treated hydrated
cement paste compared with the control sample by thermogravimetric analysis (TGA). An
average of ca. 20 mg was sampled from the cross section of the disc and powdered. Thermal
analyses were conducted at a heating rate of 10 °C min~! from 25 °C to 1000 °C under
nitrogen gas flow, using a Netzsch simultaneous analyser. Mineralogical composition of silica
injected specimens was analysed by powder X-ray diffraction (XRD) technique using a Bruker
D8 Advance diffractometer, from 5° to 60° 26, at a rate of 1° min~! and a step size of 0.02°

260. To determine silica entrainment through the pores, sample disc mass was recorded before
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OPC specimen ———

Figure 5.1: Experimental set-up model of the OPC disc and the injection column. Graphic represent-
ation not in scale.

and after silica injection, by oven drying at 60 °C. The disc was then broken into several parts.
Open porosity () was estimated by measuring the total water content in each sample (in
three replicates) after oven-drying at 60 °C and overnight saturation in a vacuum chamber.
Open porosity was calculated using equation 5.1:

ms — Mg

Vo (5.1)

(p:

where ¢ is the open porosity, ms is the sample water saturated mass (kg), my is the sample
dried mass (kg), V is the volume of the sample (m?®) and g is the density of the water at 20
°C (kg m—3). The open porosity value is the average of three measurements. Microstructural
analysis of samples was characterized using Scanning Electron Microscopy (FEG-SEM, Hitachi
SU6600) and Energy Dispersive Spectroscopy (EDS, Oxford INCA-7260) with an accelerating
voltage of 10-15 kV. All samples were resin impregnated, polished and gold coated. The
penetration depth of the silica after injection was also estimated by SEM imaging (Figure

5.2).

88



Figure 5.2: Model of silica penetration depth (indicated between black arrows) on OPC disc-shaped
specimen after injection.

5.3 Results and discussions

5.3.1 Weight change and porosity measurements

Mass measurements showed that after 14 days of injection of nano-silica the mass increase is
directly proportional to the silica concentration in the solution (Figure 5.3). This observation
indicates that the silica is not simply filling the pores but has reacted with the portlandite
forming additional hydrated phases. At a given nano-silica content in the pipe of 10 wt.%,
the sample mass shows an increase reaching 2.0 wt.% mass gain after 28 days (Figure 5.3). A
comparison between nano-silica and silica fume show the effect of particle size on the injection:
doubling the concentration of nano-silica results in a mass increase of ca. +1.2%, whereas
doubling the silica fume content results in an increase of ca. +0.3%. This is probably due
to the low particle size range of nano-silica (5-20 nm), able to penetrate into smaller pores.
Open porosity (¢) measurements show that an increase in nano-silica content in the solution
produces a significant decrease in porosity of ca. 30%, from the initial value (sample OPC,
¢ = 0.30) to the highest concentration at 20 wt.%. (sample S20-14, ¢ = 0.20), as shown in
Figure 5.4. Injection of silica-fume, on the other hand does not produce a significant porosity
reduction [76]. Injection time at the lowest nano-silica content (10 wt.%) shows a reduction in
porosity of ca. 20%, from the initial value (sample OPC, ¢ = 0.30) to the longest injection

time (sample S10-28, ¢ = 0.24) as shown in Figure 5.4.
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Figure 5.3: Influence of injection time on mass increase and open porosity using a 10 wt.% nano-silica
suspension. Bars represent mass change and open circles represent porosity values.
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Figure 5.4: Influence of silica concentration on mass increase and open porosity after injection for 14
days. Bars represent mass change and open circles represent porosity values.
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5.3.2 Thermogravimetric analysis and XRD analysis

Figure 5.5 shows the thermogravimetric (TG) curves for selected samples. The mass loss is in
% with respect to temperature (25-1000 °C). All samples show TG curves typical of Portland
cement, having maximum mass loss from room temperature to 200 °C. The mass loss in the
range 80-150 °C is attributed to C-S-H gel, calcium aluminum silicate hydrate (C-A-S-H) gel,
ettringite and other minor compounds [159, 160, 113]. The thermogravimetric step in the
range 400-460 °C is assigned to portlandite dehydration, Ca(OH)s. Mass loss over the range
530-660 °C may be attributed to the loss of COs from any calcium carbonate present. All
samples show a slight mass loss in the range 700-780 °C due to the dehydroxylation of silanol
Si-O-H groups [160, 44] or transition to wollastonite [66].Table 5.4 shows the TG values in the

C-S-H and portlandite range calculated using the equation 5.2:

m = mg, —mr, (5.2)

where m is the mass loss in % in the defined temperature range (T;~Ty), my, is the mass

loss at the initial temperature T; and my, is the mass loss at the final temperature Ty.

Table 5.4: Summary of the thermal steps from thermogravimetric measurements for each sample,
indicated as mass loss %.

C-S-H Ca(OH)q Water
Sample  80-150 °C  400-460 °C 30-550 °C

%o %o %o
OPC 2.89 3.35 14.21
S10-7 2.80 2.70 13.68
S10-14 3.02 2.68 14.09
S15-14 3.04 1.96 11.34
S20-14 3.09 2.03 11.99
S10-28 2.81 2.15 12.09
SF10-14 2.80 2.25 12.72
SF20-14 3.01 2.09 12.61

Figure 5.9 shows the reduction of portlandite as it reacts with nano-silica to form additional

C-S-H, which can be quantified by XRD analysis. This reduction of ca. 40% from the initial
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Figure 5.5: Thermogravimetric (TG) curves of OPC control sample and S10-14, S15-14 and S20-14
samples.

portlandite content is higher compared to the values found in literature [148, 150], due to
a longer treatment time and higher applied pressure. There is no evidence of increased
portlandite reduction when the nano-silica suspension concentration is increased beyond 15
wt.% in the injecting solution. The total increase of C-S-H formed, ca. 20% with respect
to the original value, is over-estimated, due to the presence of other minor compounds in
the same temperature range (80-150 °C). Accurate estimation is given in semi-quantitative
analyses of XRD patterns. Figure 5.10 suggests that the ideal injection period is 14 days,
producing a portlandite reduction of ca. 40%. TG analysis of nano-silica and silica fume for
14 days injection time show that both materials offer a comparable portlandite reduction at
the highest concentration (20 wt.%).

XRD analysis of the injected samples (Figure 5.6) show a progressive decrease in intensity
of portlandite and calcium aluminate phases reflections. Calcium aluminate phases (C3A, peak
at ca. 11.5° 20), present in the original clinker reacted with nano-silica forming additional

C-S-H or C-A-S-H, observed at ca. 15.5° 20. As shown in Figure 5.7 and Figure 5.8, the
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XRD patterns are plotted as intensity difference compared to the OPC control sample. One
can see the effect of silica concentration on the intensity of reflections. Decrease of the main
reflection intensity of portlandite (peak at ca. 18° 20) and increase in C-S-H reflections (ca.
29.4-32.5° 20) are shown in Figure 5.8. Semi-quantitative analyses on XRD pattern were
carried out by integrating the area of the peaks corresponding to each mineral phase. Results
are shown in Figure 5.9 and Figure 5.10. A reduction in portlandite content of ca. 40% from
the blank sample using the highest silica concentration (20 wt.% solution) has been calculated,
confirming the value obtained by thermogravimetric analysis. A total 15% additional C-S-H

formed after 14 days, in accordance with the TGA values.

CSH
\

Figure 5.6: XRD analysis of selected samples. List of the major mineral phases. [P: portlandite; C:
calcite; C3A: calcium aluminate; CSH: calcium silicate hydrate].
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Figure 5.7: Differential plot of XRD patterns of selected samples. Effect of silica concentration on
peak intensity.
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Figure 5.8: Magnification of Figure 5.7. Differential plot of XRD patterns of selected samples. Effect
of silica concentration on peak intensity.
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Figure 5.9: Effect of nano-silica solution wt.% on relative increase of C-S-H and decrease of portlandite
(P) compared to the OPC control sample for 14 days of injection. Comparison between TGA results
and semiquantitavive results based on XRD data
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Figure 5.10: Effect of silica particle-size and percentage on the portlandite relative content after 14
days of injection. Comparison between TGA results and semi-quantitative results based on XRD data
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5.3.3 SEM analysis and water transport

Back scattering scanning electron miscroscopy (BSE-SEM) images show qualitative information
about the silica penetration depth, measured along the direction of silica injection (horizontally
left to right in the BSE images), as a arithmetic mean value of 10 measurements in the central
area of the cross section. With increasing nano-silica content an increase of penetration depth
was observed, due to particle diffusion: ca. 500 pm, 630 pym and 740 pum respectively for
samples S10-14, S15-14 and S20-14, as shown in Figure 5.11, Figure 5.12 and Figure 5.13. To
understand particle penetration depth flow through the blank specimen and linear particle

diffusion were calculated. Using Darcy’s law (equation 5.3) flow through the blank specimen

3 1

can be calculated in m° s™-.

Q= k:s%A (5.3)
where k; is the saturated hydraulic conductivity (m s~!), L is the thickness of the specimen
(in mm), A is the cross sectional area of the sample (962 mm?) and Ah is the hydraulic head
(2000 mm). The value of ks (1-107% m s7!) was taken from Christensen et al. [161] for
hardened cement paste aged 28 days with w/c ratio of 0.47. The water permeability varies
with the degree of saturation, it is assumed that the sample is fully saturated during the
injection. However the samples were oven dried before and after the injection and the hydraulic
conductivity could be several orders lower than a fully saturated sample. The volumetric flow
through the sample is 0.416 mm? days~!. After 14 days the calculated total volume of water
in the blank specimen is 0.058 cm?, which is considerably less than the pore volume of the
sample, 1.1545 cm? and explains why water does not penetrate through the blank specimen
after 14 days. The flow velocity in cm/day is 4.32-10~% indicating that the penetration depth
of water into a blank specimen would be 0.06 mm (60 pm) after 14 days. Particle diffusivity

was calculated using the Stokes-Einstein equation (equation 5.4):

kT
~ 6mnr
where D is the diffusivity of a particle in a straight line (m? s7!), kg is the Boltzmann’s

(5.4)

constant, T is the temperature in kelvin, r is the radius of the smallest particle size (5 nm

diameter) and 7 is the viscosity of the carrier medium, which is water in this case (Pa-s).

96



Calculated particle diffusivity is 9.82-107!! m? s~!. Using the equation 5.5, it is possible to

calculate the distance travelled, z, as function of the diffusivity D and time ¢.

z=VDt (5.5)
The distance travelled after 14 days by the smallest particle is 344 pum. This value does
not take into account the tortuosity (§) of the structure. If it is assumed £ = 3 [162], then
the distance travelled by the smallest particle is 115 ym which fits reasonably well with the
penetration depth of 500-740 pm estimated using SEM images. From mass measurements after
particle infiltration and after careful drying of the specimen, the lowest calculated porosity
reached is 0.284. The measured open porosity values correlate well with C-S-H production.
From TGA analysis and semi-quantitative XRD results it is possible to calculate the volume
of C-S-H gel produced (using a C-S-H density value of 2.6 from Allen et al., [163]) and the
calculated open porosity of sample S20-14 reduces to 0.21 by pore closing. The measured open
porosity of the blank specimen and sample S20-14 are 30% and the 21 % respectively. We
suggest the lower measured porosity may result from silica and precipitated C-S-H creating
pockets of isolated pores. The reactivity of nano-silica with portlandite has been confirmed
through SEM images, TGA and semi-quantitative XRD: particles move through the pores
by diffusion, precipitate on portlandite crystals and react with calcium hydroxide forming
additional C-S-H or C-A-S-H. Unreacted nano-silica was also observed, lying on the surface of

cement paste or occluding pores and void space.
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JkV 11.0mm x100 BSE

Figure 5.11: BSE-SEM image of samples S10-14 and silica-front measurement.

]
SU6600 15.0kV 11.0mm » 3S 500um

Figure 5.12: BSE-SEM image of samples S15-14 and silica-front measurement.
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SUB600 15.0kV 10.7mm x80 BSE

Figure 5.13: BSE-SEM image of samples S20-14 and silica-front measurement.

5.4 Conclusions

In this work we present a novel concrete and cement surface treatment. The following

conclusions can be drawn:

e Low-pressure (20 kPa) silica injection has effectively impregnated cement samples. After
14 days of injection with a nano-silica suspension of 20 wt.% concentration it was
observed a total reduction of 30% in porosity, suggesting this is a potential consolidant
for friable or cracked concrete.

e Nano-silica injection is more efficient than silica fume, due to its smaller particle size
allowing it to penetrate further into the pore structure and react to produce more C-S-H.

e Some of the silica injected has reacted with the calcium hydroxide naturally present
in hydrated cement, forming additional binding phases such as C-S-H and C-A-S-H.
Unreacted silica however has been absorbed and acts as a filler agent reducing porosity.

e After 14 days of nano-silica injection an average penetration depth of ca. 750 ym of

was measured, which is ca. 20% of the cross section of the sample (4 mm).
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Chapter 6

Can Portland cement be replaced
by low-carbon alternative
materials? A study on thermal
properties and carbon emissions of

innovative cements

Abstract. One approach to decarbonising the cement and construction industry is to replace
ordinary Portland cement (OPC) with lower carbon alternatives that have suitable properties.
We show that seven innovative cementitious binders comprised of metakaolin, silica fume and
nano-silica have improved thermal performance compared with OPC and we calculate the full
CO2 emissions associated with manufacture and transport of each binder for the first time.
Due to their high porosity, the thermal conductivity of the novel cements is 58-90% lower than
OPC, and we show that a thin layer (ca. 20 mm), up to 80% lower than standard insulating
materials, is enough to bring energy emissions in domestic construction into line with 2013 UK
Building Regulations. Carbon emissions in domestic construction can be reduced by 20-50%

and these cementitious binders are able to be recycled, unlike traditional insulation materials.
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6.1 Introduction

Ordinary Portland cement (OPC) is one of the most manufactured materials in the world. Over
3 billion tonnes of cement were manufactured in 2012 [164], and global demand is expected to
increase due to rapid infrastructural development of emerging economies [165, 166]. Indeed,
global cement production is forecast to reach 3.7-4.4 billion tonnes by 2050, as stated by the
World Business Council for Sustainable Development (WBCSD) report in 2009 [167]. Cement
is primarily used by the construction and geotechnical industries, but there are other emerging
applications, including nuclear waste containment, biological and dental ceramics, and water
filtration. Cement clinker is produced by calcining limestone (or marl or chalk) with some clay
in a furnace at c. 1500 °C and is a significant source of greenhouse gas emissions (GHG), which
are usually expressed as COy equivalent (COg¢) and sometimes referred to as "embedded
carbon" [168]. Approximately ca. 900 kg of COq, is released per tonne of cement produced
by current practices [169]. Thus, the cement industry is estimated to contribute 5-7% of
global anthropogenic COy emissions in 2009 [22]. The direct release of COy from calcination
during clinker production is responsible for ca. 50% of the emissions from cement manufacture
(Figure 6.1, adapted from Imbabi et al., (2012) [164]). Much of the remaining emissions come
from the combustion of fossil fuels for calcination, plus excavation, transportation, milling
and grinding processes. Given the global effort to curb COs emissions in an attempt to
mitigate dangerous climate change effects [170] (for example the 2015 Paris Agreement, a
framework for an internationally coordinated effort to tackle climate change), and the expected
rise in global demand for cement, reducing emissions from cement manufacture presents an
important challenge. Indeed, the ’decarbonisation’ of cement production is becoming a more
prominent issue for the cement sector, as evidenced by the WBCSD and International Energy
Agency (IEA) Cement Roadmap (2009), the Industrial Decarbonisation & Energy Efficiency
Roadmaps to 2050 report and British Cement Association (BCA73 Carbon Strategy 2005)
[167, 171, 172].

Researchers and industry have focused their attention on using alternative fuels in place

of conventional fossil fuels (and so reducing the GHG emissions of the traditional OPC
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Figure 6.1: Simplified diagram of the cement production process. Red circles indicate the percentage of
COgcq emissions associated with manufacturing. (*)50% of the emissions associated with pyroprocessing
arises from direct release of CO2 from calcination and the remaining 35% from fuel and energy
consumption. [Image adapted from Imbabi et al., (2012)].
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manufacturing process), and developing alternative materials by partially replacing Portland
cement with fly ash [173]. Alternative materials that have been developed or tested include
reused waste (such as industrial by-products like fly ash or biomass wastes like rice husk ash)
and novel binders such as geopolymers or alkali-activated cement [174, 175, 22, 176, 177, 178].
Since these novel binders have low or negative carbon emissions associated with their production,
they are sometimes referred to as "green cements" [179]. In most cases, the alternative materials
only partially replace clinker. This is advantageous from a regulatory perspective since the
existing standardised codes of practice for OPC can be adapted or built upon. It is important
that the mechanical properties of alternative cements are similar to (or more advantageous
than) the properties of OPC. Recent studies have found that some OPC novel binder mixtures
such as lime-metakaolin have suitable properties [180] and might be preferable to OPC in
humid environments [181]. Other novel additives such as silica fume and nano-silica particles
improve the properties of OPC [182, 183, 184, 185] and metakaolin-based geopolymers [186, 29].
The main reason geopolymer binders have not yet been more widely adopted by industry is
the current lack of regulatory standards backed by long term testing and development [187].

OPC is used in the preparation of mortar for wall rendering/finishing and also in aerated

concrete blocks employed as a thermal insulation material [188, 37]. However, aerated OPC
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does not offer thermal conductivity values comparable to other solutions on the market, such
as polymer foam, glass fibres and vacuum insulation panels [189]. Although these materials
have very low thermal conductivity, in the range 0.01-0.002 W m~! K~! [190, 191], which
can help reduce energy consumption, their production is polluting [192, 193] plus they cannot
entirely be recycled and have to be disposed of in landfill. Geopolymer binders and OPC-free
mixtures have been proposed as alternative insulation materials to OPC-based composites
and have shown thermal conductivity values, 0.17-0.35 W m~! K~!, lower than traditional
cement mortar or concrete (0.2-0.8 W/(m K) [194]) although not comparable with insulation
materials such as glass fibres or polymers [29].

Life cycle analyses on selected geopolymer binders have found that their use in place of
OPC could reduce GHG emissions from the cement industry by 9-64% [195, 22]. However,
these life cycle emissions are context and country dependent and often subjected to availability
of raw materials [196, 197, 198]. To date, the environmental sustainability of a range of OPC
free cement mixtures has not been comparatively explored, nor has there been a comprehensive
analysis of properties of alternative cements and their potential to completely replace OPC.
Here it is considered the carbon reduction that could be achieved by using seven alternative
cementitious materials in place of OPC, evaluate CO2, gas emissions of OPC and geopolymer
production, taking the whole life-cycle into account, including the transport of raw materials
and the manufacturing process [164].

The aim of this work is to develop novel ’green’ cementitious materials with superior
thermal properties to ordinary Portland cement and low environmental impact. Silica particles,
metakaolin and calcium hydroxide are combined in binary or ternary systems and their physical,
thermal and mechanical properties are characterised. Thermal performance is calculated in
the context of a typical domestic construction and a comparison of GHG emissions for these
novel cementitious binders and OPC is presented for the first time in the UK-European
context. These OPC-free cements represent an environmental friendly alternative with a
high recyclability potential, simple manufacturing process and able to ensure thermal comfort
within current international standards. Furthermore, GHG emissions are calculated following

a simplified life cycle assessment, which provide a useful decision-making tool to industries or
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practitioners to rapidly calculate the carbon footprint of novel OPC-free binders.

6.2 Materials and methods

6.2.1 Materials

Portland cement samples were prepared using ordinary Portland cement CEM I 42.5-R (CAS
number 65997-15-1), commercially available from the Lafarge Cement Group, and deionised
water (W). Physico-chemical properties of Portland cement are listed in Table 6.2. Cement
samples (OPC) were prepared with a liquid to solid (I/s) ratio of 0.3 using a rotary mixer
according to BS EN 196-1:2016 and cast into cubic molds for 24 hours. After 24 hours samples
were kept for 28 days at RH 98 + 2% and temperature of 21 4+ 2 °C in a nitrogen gas
environment to minimise carbonation prior to testing. Novel OPC-free cement samples were
prepared using different starting materials. Reagent grade calcium hydroxide, Ca(OH)s (CAS
Number 1305-62-0) and Ludox T50 nano-SiO2 aqueous suspension (CAS number 7631-86-9)
were purchased from Sigma Aldrich. Silica fume (CAS number 69012-64-2), commercially
available as SF920D from Elkem Microsilica (Norway), was used. Metakaolin was obtained
from calcination of kaolin (China clay type purchased from Imerys UK, CAS number 1332-58-7)
at 750 °C over 24 hours, as described by Alonso et al., (2001) [199]. Reagent grade sodium
hydroxide, NaOH (CAS number 1310-73-2) of nominal concentration 10 M was purchased
from Fisher Chemical. Chemical and physical properties of the starting materials (calcium
hydroxide (CH), nano-silica (NS), metakaolin (MK), silica fume (SF)) are reported in Table
6.3. Given the pozzolanic reactivity of nano-silica and amorphous silica fume, binary mixes
using calcium hydroxide and silica (nano-silica or silica fume) were investigated (samples
CHI, CHI10, CHNS). Alkali activated binders were prepared mixing metakaolin with calcium
hydroxide in different proportions. Sodium hydroxide 10 M was added as an activator (sample
MK10, AMK, BMK). Finally metakaolin was mixed with nano-silica and calcium hydroxide,
using lower concentration NaOH (1 M) as activator (sample MKNS). Mix proportions and
sample identification are listed in Table S3 in the Supporting Information. Fresh paste was

cast into cubic moulds and specimens were kept for 28 days at RH 98 + 2% and temperature
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of 21 + 2 °C in a nitrogen gas environment to minimise carbonation. Sample MK10 was
thermally prepared following the methodology of Zhang et al., (2014) for geopolymers [200].
After mixing, specimens were cast into a cubic mould and kept in an oven at 60 °C and
atmospheric pressure for 24 hours, then placed in a sealed environment for 28 days at RH 98

+ 2% and temperature of 21 £ 2 °C.

Table 6.1: Characteristic of CEM I (Class 42.5 R) Portland cement (according to the certificate of
conformity, test method BS EN 196-2).

Components CEM I
Clinker 96%
Gypsum added 4.0%
Chemical composition (>0.2%)

SiOo 19.3%
Aly03 4.9%
FGQO?, 2.9%
CaO 63.4%
MgO 1.3%
SO3 2.3%
NaoO 0.23%
L.O.L 2.27%
Density (kg m—3) 3300
Specific area (m? g~!) 420

Compressive strength at 28 day (MPa)  51.2

6.2.2 Physical, thermal and mechanical properties

After ageing for 28 days samples were removed from the mold and dried at 60 °C to remove
pore water and perform mechanical tests and micro-structural analyses. Water removal has
an impact on the microstructure, therefore analysis and results presented should be regarded
comparatively. Compressive strength testing was performed according to BS EN 196-1:2016,
using a uniaxial compressive testing machine at a constant strain rate of 0.4 mm min~! until
fracture [183, 201]. Three specimens of each composite were tested. The resistance value (R.)
is given in MPa as a mean value of three replicates for each mixing. It must be noted that the

drying procedure followed has an influence on mechanical behaviour; compressive strength
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Table 6.2: Characteristic and chemical composition of calcium hydroxide (CH), nano-silica (NS),
silica fume (SF), metakaolin (MK) and sodium hydroxide (NaOH).

Components CH NS SF MK NaOH 10M
State powder suspension  powder powder liquid
Chemical composition (>0.2%)

SiOq - 50% 99.9% 47% -
Al O3 - - - 38% -
Ca(OH)Q 95% - - - -
NaOH (% w) - - - - 40%
Water - 50% - - 60%
pH 12.4 (slurry) 8.5-9.5 - - >12.0
Particle size diameter (nm) - 5-20 100-1000  700-2000 -
Density (kg m~3) 2240 1400 2200 2600 1320
Specific area (m? g 1) 20-41 110-150 15-30 14 -

Table 6.3: Sample mixes and proportions of starting materials and liquid to solid (1/s) ratio, including

OPC.
Sample OPC CH NS SF MK W NaOH10M NaOH1M
% % %N %N % 1/s 1/s 1/s
OPC 100 - - - - 0.3 - -
CHI - o - 25 - 0.6 - -
CHI10 - ™o - 25 - - 0.8 -
MK10 - - - - 100 - 0.8 -
AMK - - - 25 - 1 -
BMK - 66 - - 33 - 1 -
MKNS - 10 5 - 85 - - 1
CHNS - 50 50 - - 2 - -
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values are approximately 10% higher for air-dried than saturated cement paste [202, 203]. The
heat of hydration was measured using an isothermal calorimeter (I-Cal 4000 HPC, Calmetrix).
Fresh paste (ca. 60 g) was cast into a cylindrical container and placed into the calibrated
calorimeter, at a constant temperature of 21 + 2 °C. The heat flow was recorded over 80
hours. Open porosity (p) was estimated by measuring the total water content in each sample
(in three replicates) after oven-drying at 60 °C and overnight saturation in a vacuum chamber.
Open porosity was calculated using equation 6.1:

ms — Mg

o (6.1)

(P:

where ¢ is the open porosity, ms is the sample water saturated mass (kg), my is the sample
dried mass (kg), V is the volume of the sample (m?) and g,, is the density of water at 20 °C
(kg m~3). Bulk density (¢) and matrix density (omq¢) in kg/m~2 were calculated respectively

using equations 6.2 and 6.3

0= (6.2)

mq

Omat = m (6.3)

For each sample the laser flash method (LFA) was used to estimate the coefficient of
thermal conductivity (), given in W m~ K~1. A Netzsch instrument 427 LFA was used.
Samples of each composition were tested in an argon atmosphere and thermal conductivity was
calculated according to the BS EN 821-2:1997. The specimens were powdered and pelletized
using an hydraulic press to make pellets of ©12.7 mm and 3 mm thickness. The surface was
coated with graphite to minimise reflectance of the laser beam. A pyroceramic standard
supplied by Netzsch was analysed and used as a reference material to calculate the specific
heat capacity and thermal diffusivity. Thermal conductivity was calculated at 25, 60 and 105

°C using the equation 6.4:
Ap = acpo (6.4)

1

where )\, is the thermal conductivity of the pelletized sample in W m~' K1 o is the
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thermal diffusivity (m? s=1), ¢p is the specific heat capacity at constant pressure in J kg~ K1
Assuming the porosity of the pelletized sample is negligible, the effective thermal conductivity

of the bulk sample is given by the equation 6.5:

A=+ 21— ) (6.5)

where )\, is the thermal conductivity of the air at the given temperature (W m=1 K=1),
and ¢ is the open porosity of the sample. The thermal conductivity value of the novel cement
paste is then used for the calculation of the thermal transmittance of a typical composite wall,
given in (m? K W™1), according to the BS EN ISO 6946:2007.
The thermal transmittance value of a typical composite wall, is estimated using the equation

6.6:

U= g (6.6)

where U is the total transmittance value of a composite wall in W m~=2 K~! and Ry is
the total thermal resistance, in m? K W~!. The thermal resistance Ry can be calculated

according to the equation 6.7:

RT — Rsi + Z(Rz) + Rse (67)
=1

where R and R, are the internal surface resistance and the external surface resistance
respectively in W m~™2 K1, and R; is the design thermal resistances of each layer, and n
is the number of layers. The resistance of each layer, in m? K W~ is calculated using the

equation 6.8:

R; = (6.8)

d
A
where d is the thickness of the material layer in the component (m) and A is the thermal
conductivity calculated according equation 6.5 or obtained from tabulated values.
In order to evaluate the insulation properties of these novel cement composites, the thermal

transmittance (U) of a typical wall was calculated. An external wall (1 m high and 1 m wide)

of standard domestic construction was considered, as shown in Figure 6.8 (left). The wall

108



consists (from outdoor to indoor) of horizontal bricks (225 x 112 x 65 mm BS EN 771-1:2011,
A =0.84 Wm™t K7!) with a 5 mm layer of cement mortar (A = 1.4 W m~* K~1, [190]) and
externally finished with 18 mm thickness of mortar render (A = 1.4 W m~! K~!). Adjacent
to the outer brick skin is a 20 mm thick air cavity (A = 0.03 W m~! K~!), 9 mm layer of
plywood (A = 0.14 W m~! K1), a rock-wool insulation wall of 40 mm thick (A = 0.04 W
m~! K~!, [189]) and a 15 mm thick gypsum plaster board (A = 0.21 W m~! K~!, [190])
finished with 2 mm thick waterproof plaster painting (A = 0.09 W m~! K=, [190]). The wall
is then finished with an outside mortar render and internal plaster. This is a pattern in the
construction that repeats itself every 70 cm in the vertical direction. Therefore a 1 m wide
and 0.7 m high portion of the wall was considered, as it is representative of the entire wall.

One-directional heat transfer and constant thermal conductivity values are assumed.

6.2.3 Powder X-Ray Diffraction and Scanning Electron Microscopy

Powder XRD analyses were performed using a Bruker D8 Advance diffractometer with CuKa«
radiation over the range 5-60° 26, step size of 0.02° 20 and 0.5 s step~!. DiffracEva software
from Bruker was used for XRD pattern evaluation and phase identification. Microstructural
analysis of samples was carried out using tungsten emission scanning electron miscroscopy
(W-SEM) and field emission scanning electron microscpy (FE-SEM) (W-SEM, Hitachi S-
3700N and FE-SEM, Hitachi SU6600) with Energy Dispersive Spectroscopy (EDS, Oxford
INCA-7260) at an accelerating voltage of 10-15 kV. All samples were resin impregnated,

polished and gold coated.

6.2.4 Greenhouse gas emission assessment

Calculation of the total greenhouse gas emission (GHG), expressed as carbon dioxide equivalent
(COg¢q) per 1000 kg of cement produced, takes into account the collective contribution of CHy,
NO,, SO,, CO2 and synthetic gases evolved during production activity, including excavation
and transport of raw materials and reagents, and manufacturing. The approach to estimate

the total GHG is based on the methodology reported in McLellan et al., (2011) [195] and
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calculated using the equation 6.9:

GHG7py = Z mi(diei + pi) (6.9)
=1

where GHGrpo; is the total greenhouse gas emission (kgcozeq) per tonne of material

produced, m; is the fraction of component i, d; is the distance transported by a given mode of

transport (km), e; is the emission factor for the transportation mode (kgco,eq km ™! tonne™!)

and p; is the emissions per unit mass of component ¢ produced (kgco,eq tonne~!). The

following assumptions were made in the analysis:

1.

The calculations were based on the manufacture of 1 tonne of Portland cement binder
and 1 tonne of novel materials in the United Kingdom, using, where possible, UK
products, otherwise materials from a typical supply chain.

Previously published values for COg., emissions from the manufacture of the raw
materials were used, and added to the emissions from transport to and within the UK.
The emissions due to the addition of water to cement paste are very low (0.271 kgco,eq
tonne~! [204]) therefore negligible and not taken into account.

Maximum distances and mode of transport are selected as those which maximise COag¢q
emissions, because this work adopts the worst-case scenario for COy, emissions.
Emission factors associated with road transport (e,) and sea transport (es) are respect-

ively 0.09 kgco,eq km™! tonne™! and 0.02 kgco,,, km™! tonne™* [195, 205].

. Emissions per unit mass of OPC (popc) are 750 kgco,,, tonne™! and is produced in

mainland UK [195].

Emissions per unit mass of metakaolin (pysx), produced in England and silica fume
(psr), produced in Norway, are respectively 236 kgco,., tonne~! and 7x107° KEC 02,
tonne~! [206, 195].

The manufacture of calcium hydroxide is based on the hydration of calcium oxide,
produced in Northern Ireland, (pco = 750 kgco,., tonne™!) taking into account a
correction factor of 0.97 due to the addition of water (pcy = 720 kgco,,, tonne™) as
explained in the IPCC Guidelines for national greenhouse gas emissions [207].

Sodium hydroxide is produced in Northern Ireland by a chemical process using electro-
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lytic cells. The emissions associated with the production are in the range 1120-1915

L as reported for a nominal concentration of 16 M [22, 205, 208]. In

kgco,., tonne™
order to take into account lower sodium hydroxide concentrations, a correction factor
of 0.43 and 0.63 was used, respectively for NaOH 1 M and NaOH 10 M on the lowest
emission value (pneon = 1120 kgco,,, tonne™ 1), following the principle of the IPCC
guidelines [207].
10. Nano-silica solution is manufactured in Germany and the carbon emissions value can be
obtained from the manufacture of sodium silicate solution (pys = 386 kgco,,, tonne™!)
[209, 81, 185].
A schematic diagram of mode of transport and distances for each raw material is shown in

Figure 6.2.

1800 km

1400 km

Figure 6.2: Diagram of transportation mode and average distance for raw materials in and to UK.
Silica fume (SF) is supplied from Norway, nano-silica (NS) from Germany, calcium hydroxide (CH)
and sodium hydroxide (NaOH) from Northern Ireland (UK), metakaolin (MK) and Portland clinker
are available in mainland UK.
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6.3 Results and discussion

6.3.1 Physical, thermal and mechanical properties

The particle size and the high specific surface area of nano-particles play an important role
in the physical and mechanical properties. The measured bulk density (o), matrix density
(0mat), open porosity (), compressive strength (R.) results and cumulative heat released
values are reported in Table 6.4. All the mixes show values of bulk density in the range
600-1100 kg m~3, much lower than standard OPC (1900 kg m~3). Density and porosity
values are in good agreement with literature data on lightweight materials such as calcium
silicate boards and aerated concretes [51, 210, 211]. Sample CHI10 shows a higher bulk density
and lower porosity due to the greater 1/s ratio and the presence of an alkaline activator.
Samples MK10, AMK and BMK show decreasing density values directly proportional to the
content of metakaolin, from 100% to 66%. On the other hand porosity increases when a lower
amount of MK is used (sample MKNS) and higher concentration of nano-silica is used (sample
CHNS). Mechanical tests performed on all the samples after 28 days of curing show values of
compressive strength, in the range of 1.8-7.8 MPa. Although compressive strength values are
not comparable with OPC, they satisfy the resistance requirement for non-loaded structures;
results are in agreement with the values given for aerated concrete blocks [212, 213] and
lime-metakaolin mortars [214, 215]. Isothermal calorimetry was used to measure the heat flow
development of the samples at 21 °C. Figure 6.3 shows the heat flow of the samples compared
to OPC. Since the mixing was done externally, the first peak appears at the very beginning
of the measurement for all the samples (Figure 6.3a); it corresponds to particle wetting and
dissolution, the chemical reaction which leads to the formation of hydrated phases. The second
peak appears broad and delayed compared to OPC. It corresponds to the polymerisation of
dissolved species into new crystal structures. In sample CHI the first peak converges into a
straight horizontal line and no second peak is detected, indicating very low reactivity [50].
Sample CHI10 shows the influence of the alkali-activator, resulting in higher intensity and
accelerated reaction. Specimen CHNS (CH and NS) shows the same trend of mix CHI (CH

and SF), with a high first peak converging into a horizontal line. However a second peak is
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detected as a broad hump at around 20 hours. This is due to the smaller particle size and
higher reactivity of NS compared with SF. Sample MK10 shows a high-intensity broad first
peak followed by small broad hump associated with the second peak of hydration. Samples
AMK and BMK have respectively 75% and 66% of calcium hydroxide content. In sample BMK,
the higher content of MK produces a delay in the second peak compared to sample AMK. The
peak is higher in intensity from the increased formation of alkaline aluminosilicate due to the
greater concentration of dissolved aluminium ions [199]. The cumulative heat released in the
first 80 hours was obtained by integrating the heat flow curves and is summarised in Table
6.4. Except for the mix MK10, with a total heat release of 440 J g~! due to the presence of
NaOH 10M that acts as an accelerator, in accordance with the work of Zhang et al., (2012)
[216], all the other mixes show a cumulative energy lower than OPC, due to the lower number
of reactants dissolved. Cumulative heat released is shown in Figure 6.4. OPC clinker is a

complex mixture of compounds and usually gypsum is added to delay the setting time.

Table 6.4: Bulk density (g), matrix density (0mat), Open porosity (¢), compressive strength (R.) and
cumulative heat release (H) of all the samples.

Sample ) Prmat © R, H
kgm™ kgm™3 - MPa Jg!

OPC 1940 2460 0.21 51.2 235

CHI 940 2430 061 64 44

CHI10 1120 2160 048 7.7 211
MK10 1020 2190 0.3 5.2 463
AMK 900 2180 0.59 4.7 75
BMK 850 2020 0.58 6.5 104
MKNS 640 2260 072 1.7 o1
CHNS 610 2390  0.74 2.2 148

6.3.2 Powder X-Ray Diffraction and Scanning Electron Microscopy

Figure 6.5 presents the XRD patterns obtained for the developed materials, where only the
major mineral phases are shown. Samples CHI and CHI10 are mainly crystalline portlandite
(P) and semi-crystalline calcium silicate hydrate gel (C-S-H), the most abundant component

of hydrated cement paste and responsible for early strength development and hardening [8] or
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Figure 6.3: Heat flow measurement for each sample. (a) magnification of the first 30 min of heat flow
measurement.
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Figure 6.4: Heat of hydration (cumulative heat released, in J g~!) of each mix calculated as a function
of time.
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calcium (sodium) silicate hydrate (C-(N)-S-H) [217, 218]. Semi-quantitative analysis of the
XRD patterns showed that, despite the high pH, sample CHI10 has 54% C-S-H compared
to sample CHI (61%). The added Na™ concentration takes Ca™™ to produce C-N-S-H in
addition to the C-S-H produced. Some minor carbonated phases are detected, (calcite, carbon,
and sodium carbonate), arising from surface carbonation. In the mixes containing metakaolin
and calcium hydroxide (sample AMK, BMK and MKNS), stratlingite (St), calcium aluminate
hydrate (C-A-H) and monocarboaluminate (M) phases are detected, in agreement with Silva et
al., (2014) [181]. Stratlingite is the main hydrate phase responsible for strength development
in lime-metakaolin based materials. An increase of metakaolin content from 25% to 35%
respectively in samples AMK and BMK results in well defined peaks of stratlingite, and
consequently higher compressive strength. Faujasite (F') is the main crystalline compound in
sample MK10 along with C-S-H gel, calcium aluminate hydrate and minor stratlingite. In
sample MK10, mixing metakaolin with 10 M NaOH solution promotes alkaline activation
and leads to the precipitation of sodium aluminum silicate hydrate (N-A-S-H) gel into the
mineral structure of faujasite (F) [200, 219]. In sample MKNS, reducing the concentration of
the activator from 10 M to 1 M and the addition of calcium hydroxide at ambient temperature
results in the precipitation of semi-crystalline calcium aluminate hydrate (C-A-H), the main
phase detected. Sample CHNS presents broad humps at ca. 29° and 32° 26, typical of C-S-H
gel [54].

As shown in the SEM images, the developed materials present a highly porous matrix in
agreement with the density and porosity values measured. In sample CHI the matrix is mainly
semi-crystalline C-S-H whereas the presence of NaOH as alkaline activator in sample CHI10
promotes the formation of C-S-H combined with C-(N)-S-H phases, respectively in Figure
6.6a and Figure 6.6b. As shown in XRD patterns, alkali-activation of metakaolin-lime mixes
results in formation of calcium aluminate silicate hydrate (stratlingite) and C-S-H (sample
BMK, Figure 6.6¢). Figure 6.6d shows a semi-crystalline C-S-H phase forming a complex

plate-like structure in sample CHNS.
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Figure 6.5: XRD patterns of each sample and major mineral phases. [P: portlandite; CSH: calcium
silicate hydrate; C: calcite; St: stratlingite; M: monocarboaluminate; A: tetracalcium aluminate hydrate;
F: faujasite; CAH: calcium aluminate hydrate; K: katoite; N: Natrite.]

6.3.3 Thermal conductivity measurements

Thermal conductivity values at 25, 60 and 105 °C calculated according to equation S5 are
shown in Figure 6.7 and compared to OPC. Values are in the range 0.05-0.26 W m~! K—!,
50-90% lower than OPC. Samples made mixing metakaolin and sodium hydroxide (MK10,
AMK and BMK) show thermal conductivity values in accordance with Palmero et al., (2015)
and Villaquiran-Caicedo et al., (2015) [211, 29]. Furthermore samples show an inversely
proportional trend to the content of MK 100, 75 and 66 wt.% respectively. The addition of
silica nano-particles has a beneficial effect on the thermal conductivity. Sample MKNS and
CHNS in fact show the lowest A values at 25 °C, 0.055 and 0.088 W m~! K~ respectively.
These values are typical of insulating materials [220, 190]. This effect is attributed to the
nano-silica smaller particle size range and greater surface area, which increases the pore volume

(¢ = 0.7) and decreases the pore-size; the overall consequence is an enhanced phonon scattering
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Figure 6.6: SEM images of (a) sample CHI showing a poorly crystallised C-S-H phase flake-shaped
[FE-SEM, acceleration voltage 15 kV]; (b) sample CHI10 showing semi-crystalline C-N-S-H phase and
natrite needles [W-SEM, acceleration voltage 15 kV]; (c¢) sample BMK showing a porous microstructure
formed by stratlingite and C-S-H [FE-SEM, acceleration voltage 20 kV], and (d) sample CHNS showing
a porous microstructure formed by plate-like C-S-H phase [FE-SEM, acceleration voltage 20 kV].
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effect which reduces heat transfer [221]. Samples made by mixing CH and SF, either with
water or alkali-actived show a different thermal behaviour: while sample CHI has a thermal
conductivity value (A = 0.09 W m~! K1) similar to CHNS, sample CHI10 has a higher ),
suggesting that the alkali-activator (NaOH, 10 M) contributes to the reduction of porosity and
decreases the thermal transmittance. As shown in XRD patterns, sample CHI contains C-S-H
and portlandite, whereas CHI10 is made of C-S-H, natrite and portlandite, bound together in

a denser and less porous matrix (ca. 20% less than CHI).
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Figure 6.7: Thermal conductivity of samples at 25, 60 and 105 °C and porosity values compared to
OPC.

Thermal transmittance (U-value) for the typical wall (Figure 6.8) was calculated to be
0.32 W m~2 K~ !, using equation 6.6. Building Regulation 2013 in England and Wales for
refurbishment of existing buildings (domestic and non-domestic use) requires values less than
0.30 W m—2 K~!. The application of a layer of novel cementitious material can contribute to
the reduction of the total transmittance below the limit imposed by Building Regulations 2013.
The U-value was then calculated taking into account an additional layer of developed material

placed in between the bricks and the air cavity. The thickness was chosen in order to minimise
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the total transmittance below the limit of the building regulations. Thickness values of all the
mixes are summarised in Table 6.5. The thickness of insulation material layers used in the
construction industry is in the range of 30-100 mm (e.g. glass fiber, rock-wool or polymeric
foam [190]). A 20 mm layer of mix MKNS is required to reduce the total transmittance by
10%, as shown in Figure 6.8. Conventional insulation materials such as rock-wool, polystyrene

or glass fibres, are usually placed in layers of ca. 40-80 mm [191, 222].

gypsum gypsum
board oard novel
plaster plaster insulation c:\irﬁty cement
indoor indoor R W AE T outdoor
Tin "X Tin "\
— lout
5
65
5
_____________________ I 1l | | | T
I Il | ! 1
215 40 920 215 40 920 20 112 18 mm

Figure 6.8: Typical external composite brick wall of domestic building in United Kingdom. [Wall-
section and temperature (7') profile (left). Wall-section including a layer of MKNS and temperature
profile (right)]

6.3.4 Life cycle emissions

The estimated COg, emissions (GHG;) for each of the seven cementitious material are reported
in Figure 6.9 and compared to OPC. These present the 'worst case scenario’, and so the
actual COg, emissions would likely be lower than those reported here. The carbon footprint
of each component material is shown in Figure 6.9 (right): clinker (750 kgco,,, tonne™),
CH (720 kgco,,, tonne™t), SF (0.01 kgco,,, tonne™!), NS (390 kgco,,, tonne™ '), MK (236
kgc0,., tonne™!), NaOH 10 M (700 kgco,., tonne™!), NaOH 1 M (481 kgco,., tonne™!).

The calculated values are similar to previously published estimates for geopolymer binders
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Table 6.5: Minimum thickness of novel cement to achieve U-value < 0.29 W m~2 K1, according to
the Building Regulations 2013.

Sample minimum thickness

mm
CHI 30
CHI10 80
MK10 50
AMK 60
BMK 80
MKNS 20
CHNS 30

and concrete in different contexts [195, 22, 205, 208]. The results show that all types of
novel cements studied here have lower embedded carbon compared to OPC. For example,
sample MKNS has the lowest COg,, emissions associated with its manufacture, estimated
to be half the emissions from OPC. Sample AMK, which has the highest embedded carbon
among the novel cements, still has 20% lower COy, than OPC. The selected raw materials,
their world-wide availability coupled with minimum manufacturing make these novel binders
environmentally competitive compared to traditional insulators (e.g. 1 tonne of extruded
polystyrene is responsible for 1180 kgco,.,) [192]. NaOH and CH are the most common
ingredients of the alternative cements tested here, and the embedded carbon in these materials
is similar to clinker (Figure 6.9 right). Thus, it is the relative proportion of low carbon
materials such as SF, MK and NS which determine the overall carbon footprint for each
cement. The major energy expended in the manufacture of NaOH occurs in the electrolysis
process followed by cooling, which has a large electricity requirement. CH is produced by
calcination of calcium carbonate followed by hydration. The COs footprint of both materials
could be reduced if they were produced using alternative source of energy for the electricity
required (e.g. wind turbine, nuclear energy, photovoltaic energy for the manufacture of NaOH)

or using bio-mass or other green fuel in the pyroprocessing of calcium carbonate.
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Figure 6.9: Total GHG emission and contribution of each raw material for all the mixes. left:
Bubbles indicate the single component in each mix and the size indicates the GHG emission associated:
clinker (750 kgco,., tonne™t), CH (720 kgco,,, tonne™!), SF (0.01 kgco,,, tonne™!), NS (390 kgco,.,
tonne™!), MK (236 kgco,., tonne™'), NaOH 10 M (700 kgco,., tonne™ '), NaOH 1 M (481 kgco,.,
tonne1), (not in scale).

6.3.5 Environmental impact

The low thermal conductivity of the novel cements also present an environmentally sustainable
alternative for purposes such as wall cladding. Improving insulation in homes and buildings
is an important aspect of reducing thermal energy loss and thus in turn reducing energy
consumption. These innovative binders are also highly recyclable compared to conventional
insulating components such as polymeric foams, polystyrene, polyurethane, rock-wool or
vacuum insulation panels. With the exception of the samples with high alkali content, novel
cements could be re-used in the building industry as construction and demolition waste (CDW),
as intended by the European Waste Framework Directive 2008/98/EC and the EU Framework
Programme for Research and Innovation Horizon 2020: *incorporation up to ca. 80% of recycled

CDW material to decrease the content of Portland cement used and consequently reduce the
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amount of waste to be placed in landfill’. These innovative cements are more environmentally
friendly than OPC and other polymeric plastic insulators, and offer an environmental friendly
alternative to traditional materials. They require less manufacturing and processing and the
raw materials and reagents are readily available, which is important to consider for large-scale
production.

Thus, although novel cements cannot replace OPC in all applications, they offer an envir-
onmentally sustainable alternative for several applications, and there is significant potential

for these materials to contribute towards the decarbonisation of the cement industry.

6.4 Conclusions

In this study low-carbon cementitious materials have been developed and characterised.
Metakaolin, silica fume, nano-silica and calcium hydroxide were combined at different ratios
to produce 'green’ binders for construction industry. Physical and mechanical properties were
investigated. Compressive strength values (in the range 2-7 MPa) are typical of non-structural
cements (mortars, rendering cements, etc.); density and porosity measurements show that these
materials could be used in construction industry as functional building elements. Pozzolanic
activity was detected by isothermal calorimetry and hydrated phases (calcium/aluminum
silicate hydrate, faujasite, stratlingite) were found in XRD diffractograms. SEM images give
an insight to the micro-structure, with the presence of semi-crystalline phases (C-S-H) and
highly porous matrix, in agreement with the porosity measurements (0.48-0.74). Samples
present thermal conductivity (0.05-0.26 W m~! K~!), in the range of conventional insulating
materials. While previous studies have focused their attention on solely physical properties
of OPC-free cements and geopolymers, here are brought together innovative materials able
to satisfy thermal performance requirements within environmental standards. In facts, the
addition of a 20 mm layer of sample MKNS to an external wall of existing housing, contributes
to 10% decrease in thermal transmittance, as required by the Building Regulation 2013 in
England and Wales. The environmental impact of the newly developed materials was assessed

estimating the greenhouse gas emission associated to the manufacturing and production; all
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the sample have a carbon footprint up to 23-55% lower than OPC. These materials are
‘cleaner’ than OPC and help to reduce COsg., emissions. The life cycle analysis presented
here is simplistic, and more detailed life cycle and cost analyses should be the subject of
future research to fully understand the economic impact of those materials in replacing OPC.
However, the methodology adopted provides the basis for implementing a decision-making
tool that can advise on, or scope in, low-carbon options before a more resource intensive life
cycle assessment approach is applied. It will be therefore useful to construction companies or
private developers intended to develop non-conventional building materials (e.g. geopolymers,

alkali-activated cements), not yet regulated by law or international standards.
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Chapter 7

Concluding remarks and outlook

7.1 Summary of key findings

One of the aims of this doctoral thesis was to study and characterise a mineral phase found
in hydrated Portland cement, namely calcium silicate hydrate (C-S-H). Despite being the
largest component in Portland cement and concrete, its properties are still researched. Recent
developments in atomistic modelling and simulations have been proven effective in partially
resolving C-S-H structure in its lattice parameters and atomic coordinates. However, laboratory
experiments still face the challenges of reproducing synthetic C-S-H with similar characteristics
to C-S-H formed by hydration of Portland cement (e.g. morphology, high C/S ratio). The
importance of this mineral phase is also in its double-chained structure, which is being
investigated for its ability to adsorb radionuclide and heavy metal ions.

Reported in Chapter 2 is the synthesis and characterisation of solid synthetic C-S-H phase
with a tobermorite-like structure, produced by simply mixing silica particles with water and
Ca(OH)q powder. Solid-state characterisation of synthetic C-S-H using synchrotron XRD and
PDF, showed that its structure is tailorable, and its d-spacing varied with the C/S ratio. A
linear relationship was established to relate initial stoichiometry, with C/S ratio from 0.81 to
2.4 mol/mol, and final C/S ratio, respectively from 0.75 to 1.88 mol/mol. This is a useful tool
to reproduce solid synthetic C-S-H with confidence using a simple, fast and comparatively

low-cost synthesis process.
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Once it was established that the C/S ratio is a key-parameter to ’'tailor’ C-S-H structure,
the influence of silica particle size range on the C/S ratio was investigated, and results are
summarised in Chapter 3. Synthetic C-S-H was produced from calcium hydroxide and a silica
source, using either nano-silica (particle size 5-20 nm) or silica fume (particle size 100-1000
nm). Isothermal calorimetry, Raman spectrometry and thermal analysis showed that usage
of nano-silica contributes to the formation of C-S-H with a higher C/S final ratio and lower
excess of portlandite. This is due to the lower particle size of nano-silica and its higher specific
surface area which makes nano-silica a high pozzolanic reactivity source of silica.

The environmental conditions under which C-S-H forms have been shown to influence
the crystal growth and the final C/S ratio of hydrated C-S-H. In Chapter 4 experiments on
hydrothermal formation of C-S-H are reported. C-S-H was analysed using in-situ synchrotron
XRD during continual hydrothermal formation from an initial slurry, over 3 hours at 110
°C. Results showed that temperature influences the C-S-H final C/S ratio and anisotropic
behaviour in the crystallographic structure was observed. Furthermore, investigation on crystal
growth rate revealed that an excess in initial calcium content (C/S ratio of 1.2 mol/mol)
resulted in precipitation of portlandite that appeared to be incorporated in the C-S-H interlayer.
This is further experimental evidence of the ’tailorability’ of C-S-H structure.

C-S-H was experimentally investigated as a sealing agent for porosity reduction and micro-
cracks closure. A non-destructive technique for low-pressure silica injections was developed
and reported in Chapter 5. C-S-H was formed and precipitated inside cement pores by means
of silica-injections; aqueous silica reacted with the calcium hydroxide naturally present in
hydrate Portland cement to form additional C-S-H in the pore-volume. Results showed that
a low-pressure (20 kPa) silica injection for 14 days with a 20 wt.% nano-silica suspension
reduced the porosity by 30%, suggesting that this is a potential consolidant for friable or
cracked concrete. Furthermore, the technique developed is non-destructive and does not
require specific equipment, which is suitable for restoration of historical construction and
nuclear waste containment ponds, in a localised section or large area.

Innovative OPC-free cementitious binders (including pure C-S-H paste) were developed and

characterised mechanically and thermally, and described in Chapter 6. These novel binders
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were compared with OPC cements in terms of thermal properties and their performance
as insulation material. Measurement and calculationn of thermal properties showed that
the application of an additional thin layer (20 mm) of OPC-free pastes reduces the thermal
transmittance of an existing building wall by 10%. Furthermore, the greenhouse gas emissions
(GHG) associated with their manufacture were calculated and compared to that of OPC;
all the samples have a carbon footprint up to 23-55% lower than OPC. These materials are

"cleaner’ than OPC and help to reduce COy, emissions.

7.2 Future research

In conclusion, a summary of all the links to possible future work and applications of the

findings described.

e The method described in Chapter 2 for the synthesis of C-S-H with tobermorite-like
structure has the potential to be scaled up for larger production. However further
research needs to be conducted to address specific challenges in batch-production (e.g.
ensure CO9 environment, adequate cost analysis).

e The capability of C-S-H phase to physically adsorb pollutants, due to its high porosity,
needs to be further investigated: water permeability and sorptivity test coupled with
reactive transport modelling, would determine the potential of a relative low-cost solid
C-S-H to be used in engineering application such as waste-water advanced treatment in
filtration unit.

e Researchers have proven that OPC concrete has high y-radiation shielding properties,
suitable for use in the nuclear industry. The findings reported in this thesis have
shown that C-S-H has a tailorable structure able to accommodate varying C/S ratios.
Future investigation is needed to understand the interaction at the atomic scale between
radionuclides (with different characteristics, e.g. anions or cations, ionic radius, etc.)
and C-S-H phases, by means of high-resolution synchrotron XAFS, XPS and thermal
analysis.

e To better understand the role of C/S ratio in the formation of C-S-H, different (non
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standard) curing and/or environmental conditions should be investigated: varying COq,
pH, temperature beyond tobermorite formation-crossover and pressure. Varying these
parameters will contribute to expanding the experimental dataset available on C-S-H
and build a solid basis for further modelling and simulations.

The methodology for the calculation of GHG emissions of novel cementitious binders
reported in chapter 6 needs be expanded to cover a full life cycle assessment and life
cycle cost analysis. Both evaluations will build the basis to assess the recyclability
potential of the developed OPC-free binders, contributing to a research aspects that has
been overlooked in recent years.

In order to evaluate the economical benefit from reduced energy consumption in heating,
thermal flow modelling needs to be carried out to assess the insulating properties of

novel cementitious binder in existing and new dwellings.
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